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Abstract
Measurements of human pose and motion generate interest around
researchers because of their widely applications in the ﬁelds such as
gait analysis, gesture recognition, motion capture for the purposes
of clinic research, rehabilitation, professional sports training, physi-
cal education and so on. In the motion analysis, the human body is
often considered as a system of rigid links connected by joints. There-
fore, measurement of joint angle is taken as the research content of
this thesis. Additionally, the inclination of human body relative to
the gravity needs to be estimated to produce a reference point for
building the spatial human pose together with the joint angles. In
order to achieve multiple kinds of angular parameters with a compact
structure, multifunctional sensing technology is selected to instruct
the design of sensors instead of employing individual sensor for each
function as general.
In this thesis, the author ﬁrstly represents a ﬂexible sensor to mea-
sure the angular position of a human joint with three-dimensional
(3-D) motion by imitating the status of skin covering on the human
body. It is able to measure the bending direction and obliquity over
big ranges simultaneously. The outstanding point also lies in its ca-
pability of being applied on diﬀerent joints of diﬀerent individuals
without recalibration. Moreover, the measurement of two angular pa-
rameters of a 3-D joint is only the basic working mode of the sensor.
Based on the multifunctional sensing technology, the ﬂexible sensor
is developed to work in the advanced working mode, which is able
measure an additional angle or joint using the same sensing elements.
The contribution of the advanced working mode mainly lies in re-
ducing the number of sensors mounted on joints. Finally, a structure
capable of measuring 4DOF of multiple joints simultaneously is brieﬂy
introduced. Besides the multifunctional measurement, the sensor also
has merits in its ﬂexible, simple data process, good static and dynamic
characteristics, and a low cost.
Many of the inclinometers are aiming to measure only the inclina-
tion angle with a limited scale, and the excursion of inclined direction
may result in a bounded application and additional calibration. The
thesis presents a sphere-shape space angular position sensor for the
measurement of inclination angle and inclined direction simultane-
ously based on multifunctional sensing technology. The selection of
sphere shape and the employment of three coils as sensing elements
produce the full-range measurement of two angles. The author ﬁrstly
uses the magnetic ﬂuid as the inertial segment because of its electro-
magnetism and liquidity which aﬀects the self-inductances of three
coils. Then, an improved structure is presented with an iron ball as
the inertial segment to produce robust character comparing with liq-
uid works. The improvements also simplify the data process. The
single structure and full-range measurement also produce the merit in
achieving the 3-D angular position of a joint.
In this thesis, the author discusses the design guideline and the
structure of the sensors, with deep inquiries into the measuring meth-
ods and experimental results. The proposed sensors could prove valu-
able in modern industry.
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Measurements of human pose and motion generate interest around researchers
because of their widely applications in the ﬁelds such as gait analysis, gesture
recognition, motion capture for the purposes of clinic research, rehabilitation,
professional sports training, physical education and so on. They play an impor-
tant role to collect the position information of human to build a data base for
analysis.
Gait analysis is the study of animal locomotion, including locomotion of hu-
mans. It commonly involves the measurement of the movement of the body in
space (kinematics) and the forces involved in producing these movements (kinet-
ics). Gait analysis methodology has been around for over 100 years; however,
work to improve gait analysis technology and repeatability has occurred only
over the past 10 years. With improved measurement techniques, gait analysis
will continue to provide us with a better understanding of biomechanical and
neurophysiologic function, both normal and abnormal, which may transcend to
other activities of daily living[1; 2; 3; 4]. The role of gait analysis in the science
of rehabilitation is much larger than simply a functional assessment tool as it
can help us determine the complex relationships between impairment, functional
limitation and disability. By deﬁning these relationships, we only will not be
able to design more optimal studies of the general eﬀectiveness of a number of
current rehabilitation treatment strategies, but will also be in a better position
1
1.1 Background
Figure 1.1: A Single Gait Cycle or Stride
to consider new rehabilitation treatment strategies. Aside from clinical applica-
tions, gait analysis is widely used in professional sports training to optimize and
improve athletic performance[5; 6].
The measurement of human position also can be applied in the gesture recog-
nition. Gestures are expressive, meaningful body motions, physical movements
of the ﬁngers, hands, arms, head, face, or body with the intent to convey infor-
mation or interact with the environment[7; 8; 9; 10]. Hand and arm gestures receive
the most attention among those who study gesture. In fact, many references
to gesture recognition only consider hand and arm gestures. The vast majority
of automatic recognition systems are for deictic gestures (pointing), emblematic
gestures (isolated signs) and sign languages. Some are components of bimodal
systems, integrated with speech recognition. The gesture discrimination of arm
can be used in control of vehicles[10], monitoring the healthy condition of human[9],
instructs the conducting for music and so on. Figure 1.2 illustrates the diﬀerent
gestures used by the fencing referee of United States Fencing Association’s Fenc-
ing Oﬃcials Commission (FOC).
Motion capture is ideal for a wide range of sports applications in research,
rehabilitation, and professional sports training. Physical limitations and move-
ment optimization are of great interest to athletes, coaches, researchers and
doctors[11; 12]. Motion capture allows us to learn more about injury mechanisms
and prevention. It can also be used to improve a player technique for better
results in various sports applications. In addition to biomechanical studies, mo-
tion capture can be used to show how external, psychological factors aﬀect bal-
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Figure 1.2: Arm gestures of fencing referee and their meaning
ance, movement ability and performance. Motion capture also is widely used
in movies or video games for CG eﬀects, in some cases replacing traditional cell
animation, and for completely computer-generated creatures. Generally, motion
analysis data collection protocols, measurement precision, and data reduction
models have been developed to meet the requirements for their speciﬁc settings.
For example, sport assessments generally require higher data acquisition rates
because of increased velocities compared to normal walking. In VR applications,
real-time tracking is essential for a realistic experience of the user, so the time lag
should be kept to a minimum. Years of technological development has resulted
into many systems for measuring body segment positions and angles between seg-
ments. They can be categorized in mechanical, optical, magnetic, acoustic and
inertial trackers.
3
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1.2 Joints of Human Body
In the motion analysis, the human body is often considered as a system of rigid
links connected by joints. Human body parts are not actually rigid structures,
but they are customarily treated as such during studies of human motion. There-
fore, measurement of angular position of joint plays an important role for the
motion analysis. As shown in Figure 1.1, the joint angles of hip, knee and ankle
can describe the kinematics in gait analysis, while the joint angle of shoulder,
elbow and wrist can help to describe gesture of arm as illustrated in Figure 1.2.
A joint is the location at which two or more bones make contact. They are con-
structed to allow movement and provide mechanical support, and are classiﬁed
structurally and functionally. Diarthrosis permits a variety of movements (e.g.
ﬂexion, adduction, pronation). Only synovial joints are diarthrodial. They can
be divided into six classes:
1. Ball and Socket - such as the shoulder or the hip and femur.
2. Hinge - such as the elbow.
3. Pivot - such as the radius and ulna.
4. Condyloid (or ellipsoidal) - such as the wrist between radius and carpals,
or knee
5. Saddle - such as the joint between carpal thumbs and metacarpals.
6. Gliding - such as the joint between the carpals.
Figure 1.3 illustrates four kinds of joints. The extremity of human as arm
or leg are composed mainly by the hinge joint and ball and socket joint. In the
hinge joint as elbow, the articular surfaces are moulded to each other in such
a manner as to permit motion only in one plane, forward and backward, the
extent of motion at the same time being considerable. A ball and socket joint
(enarthrosis, spheroidal joint) is a joint in which the distal bone is capable of
motion around an indeﬁnite number of axes, which have one common center. In
a ball-and-socket (or spheroid) joint, the ball-shaped surface of one bone ﬁts into
the cuplike depression of another. Movements are ﬂexion-extension, abduction-
adduction, and rotation (triaxial) and circumduction. Examples of this form
of articulation are found in the hip and shoulder, which are the most mobile
joints in the human body and need the three-dimensional(3-D) angular position
4
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Figure 1.3: Structures of four kinds of typical joints of human
measurement. Besides the ball and socked joint, the ankle joint also has a 3D
movement. It is responsible for dorsiﬂexion (moving the toes up as when standing
only on the heels) and plantar ﬂexion of the foot (moving the toes down, as when
standing on the toes), and allows for the greatest movement of all the joints in
the foot. The ankle does not allow rotation. Additionally, in human anatomy,
the wrist is the ﬂexible and narrower connection between the forearm and the
hand. The wrist is essentially a double row of small short bones, called carpals,
intertwined to form a malleable hinge.
The movements of joints are often described as ﬂexion, extension, abduction,
adduction, circumduction which can be expressed by the status of human joint.
By introducing diﬀerent joints of human, we ﬁnd the measurement of angular
position of the joints with 3-D motion is important for human motion analysis.
A simple and eﬃcient method is highly recommended. The joint angle can be
measured directly or calculated indirectly using the diﬀerence of position between
two sensors with the same reference coordinate.
Additionally, the inclination of human body relative to the gravity can be used
to produce a reference point for building the spatial human pose together with
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the joint angles. The common inclinometers only measure the inclination angle
can not distinguish the inclined direction of human body. Therefore, the other
motivation of this thesis is proposing a space angular position sensor capable of
measuring inclination angle and its direction.
1.3 Multifunctional Sensing Technology
The purpose of the thesis is to present novel and eﬃcient methods for 3-D angle
measurement. The multifunctional sensing technology is utilized to instruct this
study.
Depending on the functionality, the sensors can be divided into two groups,
namely single function sensors and multifunctional sensors. As a common sense,
diﬀerent sensors are used when there are diﬀerent variables to be sensed. Diﬀer-
ent from the popular technique, known as the compound sensing, multifunctional
sensors have been developed in the last decade in case the quantities being mea-
sured aﬀect more than one single sensor’s input or compact structure of the
sensing component is forcibly requested[13; 14; 15; 16; 17; 18; 39]. Employing the re-
quired number of stand-alone sensors to realize multiple functions and measure
multiple measurands is the conventional sensing methodology. By a new concept,
multifunctional sensors are quite diﬀerent form integrated and compound sensors
whereas the former one use the same structure to realize multiple functions and
measure several parameters, while the latter two employs individual sensor for
each function and measurement. Additionally, the multifunctional sensing can
improve the sensing object discriminative property of the sensor[20; 21]In most of




• Easy signal processing and interfacing
Figure 1.4 shows a general structure of multifunctional sensor. X1, X2, ...Xn







are the evaluated results. In conventional works, the sensors with the characters
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Figure 1.4: General structure of multifunctional sensor
as Y1 = f1(X1), Y2 = f2(X2), ...Yn = fn(Xn) are combined for measurement. Al-
though the data processing of this way is simple, ﬁxing several separated sensors
and their corresponding measuring setups may cause a complicated structure.
Additionally, each measurands need to act on the tested object independently.
For multifunctional sensing, each output is the fusion of the input measurands.
Comparing with conventional works, the structure is compact, but the data pro-
cessing for reconstructing diﬀerent measurands is needed. By well designing the
sensing structure, a simple data processing can be achieved.
1.4 Organization of the Thesis
Chapter1 brieﬂy introduces the background of the measurement of human pose
and motion. It can be applied to assist the human gesture research, rehabilita-
tion, physical education, sports training and so on. Then, the author introduces
the classes of human joints because the human body is often considered as a sys-
tem of rigid links connected by joints in motion analysis. One motivation of the
thesis is proposing sensors to measure the 3-D angular position of diﬀerent joints.
The other motivation is to design a space angular position sensor to measure in-
clination angle and its direction in order to produce a reference point for building
the spatial human pose. Finally, multifunctional sensing approach is introduced
7
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about its characteristic properties and advantages over conventional stand-alone
sensors.
Chapter2 ﬁrstly gives an overview of classiﬁcations, properties, merits and
demerits and evaluation of the cost of the popular technologies for human motion
measurement. Then, the author brieﬂy introduces the technologies for the human
joint measurement. At the end of this chapter, the author brieﬂy introduces a
novel multifunctional sensing approach for the measurement of joints with 3-D
motion, which can overcome some shortages of previous works.
Chapter3 covers the design of a ﬂexible sensor for measuring the 3-D relative
position of two segments of a joint. It is diﬀerent from previous works with
respect of its ability of measuring obliquity and bending direction over big ranges
simultaneously with a single structure. The working principle is imitating the
status of skin on the joint whose length varies with diﬀerent gesture. A prototype
with a ﬂexible tube as main body and three self-inductances as outputs is built.
Two angular parameters are converted to the linear displacement of three wires.
The working coordinate system, deﬁnitions of two angles and geometric analysis
are introduces. A simple algorithm for reconstruction is achieved and the results
prove the feasibility of the sensor and give satisfactory accuracy. The content in
Chapter 3 has been published in Transactions of the Society of Instrument and
Control Engineers ([2] in journal papers).
Chapter4 discusses the studies on the advanced function of the tube-type
sensor for the measurement of multiple human joints. The ﬁrst section brieﬂy
discusses how to use multifunctional sensing technique to instruct the design of
a sensor for the measurement of multiple angular parameters. Then, a devel-
oped structure of the sensor introduced in chapter 3 is proposed, which is able
to measure the additional torsion angle with the same three inductive sensing
elements. The experiments of the prototype give the characteristic of the sensor
and the estimated results of the third parameter. In the third section, in order
to overcome the shortages of the last structure and reduce the number of sensors
employed on the joints for actually application, a sensor capable of working in
two modes is represented to measure multiple human joints. It realizes the basic
working mode of measuring the direction and obliquity of a 3-D joint. The out-
standing point of the basic mode is the capability of utilizing on diﬀerent joints
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of diﬀerent individuals without recalibration. The advanced working mode is op-
tional and needs recalibration to diﬀerent individuals. It is able to measure the
angle of an additional uniaxial joint, or the 3-D angular position of an additional
3-D joint by employing two sensors. Potentiometers using as sensing elements
instead of inductances give three DC voltages as outputs. The sensor is able to
have good performance in both static and dynamic measurement. The results of
the prototype are very promising, indicating the feasibility of method. Finally,
the applications of proposed sensor on the measurement of multiple human joints
are introduced. The author also describes a sensor with four sensing elements
to measure four angular parameters. The content in the ﬁrst section has been
published in IEEJ Transactions on Fundamentals and Materials ([1] in journal
papers). The content in the second section has been published in Measurement
Science and Technology ([4] in journal papers). The content in the third section
has been submitted to Sensors and Actuators A: Physical ([6] in journal papers).
In Chapter5, a brieﬂy introduction of inclinometer is given ﬁrstly. Consider-
ing some disadvantages of the previous work, the author presents a sphere-shape
space angular position sensor for the measurement of inclination angle and in-
clined direction simultaneously based on multifunctional sensing approach. It is
characterized in the following respects, such as the measurement of two angles,
the full-range measurement, and a compact and single structure. Three coils
wound on the surface of a plastic ball with half sphere compose three induc-
tances as the outputs of sensor. Magnetic ﬂuid is selected as the inertial element
attributed to its liquidity and electromagnetism character. The author herein
discusses the working principle, the detailed conﬁguration and geometrical anal-
ysis of the sensor. A prototype is built, the measuring results of which examines
the feasibility of proposed method. 2-D cubic spline interpolation is selected for
evaluating two angular parameters. The content in Chapter 5 has been published
in IEEJ Transactions on Sensors and Micromachines ([3] in journal papers ).
Chapter6 presents a novel robust 3D inclinometer, which is the development
of the sensor proposed in chapter 5. It mainly comprises a gravitational ball, a
hollow ball, and several hemisphere coils. The selection of iron ball as the gravity
sensing element produces the robust character comparing with the liquid works,
which enlarges the application in harsh environment and simplify the calibration.
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Dummy coils are added to the conﬁguration to improve the symmetrical character
of outputs. Moreover, an iron case is built to reduce the aﬀection caused by the
approaching of metal material which aﬀects the outputs because of the eddy eﬀect.
The geometrical analysis is given to achieve the equations for reconstructing two
angular parameters. A simpler data process method is chosen in this study.
The content in Chapter 6 has been presented in Proceedings of International
Conference on Sensing Technology, 2006 and submitted to IEEJ Transactions
on Sensors and Micromachines ([2] in international conference and [5] in journal
papers).
Chapter7 contains the detailed conclusions, discussions, and recommenda-
tions for possible future extensions of present work.
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Chapter 2
Overviews of Human Motion
Measurement and Joint Angle
Measurement
Years of technological development have resulted in many systems for measuring
human pose and motion. They can be categorized in mechanical, optical, mag-
netic, biomechanical and inertial systems. In this chapter, the author gives an
overview of the various technologies for human motion measurement and intro-
duces the technologies for joint angle measurement. At the end of this chapter,
the author brieﬂy introduces the proposed sensor with multifunctional sensing
characteristics for the measurement of 3-D joint angle.
2.1 Various Systems for Human Motion Mea-
surement
2.1.1 Optical System
Optical system is the most popular method for gait analysis, tracking the motion
and recognizing the gesture of human[22; 23; 24; 25; 26]. The vision-based principle
produce a variety of systems and methodologies. A typical setup of vision-based
system for approximating human motion is illustrated in Figure(2.1)
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Figure 2.1: A setup for approximating human motion by optical system
1) Photography is the most basic method for the recording to movement and
strobe lighting at known frequency has been used in the past to aid in the analysis
of gait on single photographic images.
2) Video recordings using footage from single or multiple cameras can be
used to measure joint angles and velocities. This method has been aided by the
development of analysis software that greatly simpliﬁes the analysis process and
allows for analysis in 3 dimensions rather than 2 dimensions only[23; 24].
3) Passive marker systems, using reﬂective markers (typically reﬂective balls),
allow for very accurate measurement of movement using multiple cameras (typ-
ically up to 8 cameras simultaneously). The cameras send out infra red light
signals and detect the reﬂection from the markers placed on the body. Based on
the angle and time delay between the original and reﬂected signal triangulation
of the marker in space is possible. These are typically used for motion capture in
movies[27].
4) Active marker systems are similar to the passive marker system but use“active”
markers. These markers are triggered by the incoming infra red signal and re-
spond by sending out a corresponding signal of their own. This signal is then
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used to triangulate the location of the marker. The advantage of this system
over the passive one is that individual markers work at predeﬁned frequencies
and therefore, have their own “identity”. This means that no post-processing of
marker locations is required, however the systems tend to be less forgiving for
out-of-view markers than the passive systems.
2.1.2 Inertial Systems
Inertial Motion Capture technology is based on miniature inertial sensors, biome-
chanical models and sensor fusion algorithms[31; 32; 34]. It’s an easy to use and
cost-eﬃcient way for full-body human motion capture. The motion data of the
inertial sensors is transmitted to a PC or laptop, where the full body motion
is recorded or viewed. No external cameras, emitters or markers are needed for
relative motions, but for absolute positioning, an external magnetic or optical
system is used. Inertial motion capture systems capture the full 6 degrees of
freedom body motion of a human in real-time. These systems are similar to the
WII controllers but much more sensitive and having much greater resolution and
update rate. They can accurately measure the direction to the ground to within
a degree.
Inertial Measurement Unit (IMU) is a closed system which is used to detect
altitude, location, and motion. Typically installed on aircraft, it normally uses a
combination of accelerometers and angular rate sensors (gyroscopes) to track how
the craft is moving and where it is. IMU’s can, besides navigational purposes,
serve as orientation sensors in the human motion ﬁeld[28; 29; 30; 33; 35]. They are
frequently used for revalidation (quantiﬁcation of progress in revalidation), sports
technology (technique training) and animation. It is a good substitute for optical
and magnetic tracking systems.
2.1.3 Magnetic System
Magnetic systems calculate position and orientation by the relative magnetic ﬂux
of three orthogonal coils on both the transmitter and each receiver. The relative
intensity of the voltage or current of the three coils allows these systems to cal-
culate both range and orientation by meticulously mapping the tracking volume.
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Since the sensor output is 6DOF, useful results can be obtained with two-thirds
the number of markers required in optical systems; one on upper arm and one on
lower arm for elbow position and angle. The markers are not occluded by non-
metallic objects but are susceptible to magnetic and electrical interference from
metal objects in the environment, like rebar (steel reinforcing bars in concrete) or
wiring, which aﬀect the magnetic ﬁeld, and electrical sources such as monitors,
lights, cables and computers. The sensor response is nonlinear, especially toward
edges of the capture area. The wiring from the sensors tends to preclude extreme
performance movements. The capture volumes for magnetic systems are dramati-
cally smaller than they are for optical systems. With the magnetic systems, there
is a distinction between AC and DC systems: one uses square pulses, the other
uses sine wave pulse.
2.1.4 Mechanical Motion
Mechanical trackers utilize rigid or ﬂexible goniometers which are worn by the
user. One of the most famous mechanical system for motion capture is the Gypsy
system provided by Animazoo[75]. Goniometers within the skeleton linkages have
a general correspondence to the joints of the user. These angle measuring devices
provide joint angle data to kinematic algorithms which are used to determine
body posture. Attachment of the body-based linkages as well as the positioning
of the goniometers present several problems. The soft tissue of the body allows
the position of the linkages relative to the body to change as motion occurs. Even
without these changes, alignment of the goniometer with body joints is diﬃcult.
This is speciﬁcally true for multiple degree of freedom (DOF) joints, like the
shoulder. Due to variations in anthropometric measurements, body-based sys-
tems must be recalibrated for each user. Mechanical motion capture systems are
real-time, relatively low-cost, free-of-occlusion, and wireless (untethered) systems
that have unlimited capture volume.
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Table 2.1: Evaluations of the cost of the popular technologies
System Price
Passive optical(Typical eight camera systems) $150,000
Modulated active marker Optical under $50,000
Active marker Optical ( Eight camera systems) $400,000
Inertial systems(Base suit) $50,000 range
Mechanical motion $25,000 to $75,000
2.2 An Overview of the Technologies for Joint
Angle Measurement
2.2.1 Vision-Based Measurement
As introduced in last section, the joint angle can be calculated by the relative
spatial position of the marks. The vision-based system faces problems such as the
contending with occlusions which may loss some motion information, requirement
of the monitoring condition such as brightness, background etc.
2.2.2 Inertial Measurement Unit (IMU)
IMU is one of the most popular device to sense movement and orientation of
the moving body which can help to calculate the joint angle because of their
capability of reconstructing the trajectory of sensed anatomical points[45; 46; 50].
Kinematic values such as shank and thigh inclination angles, knee joint angle or
elbow joint angle can be derived by integration of angular acceleration or angular
velocity. IMU mainly faces a problem that the data obtained from integration can
be distorted by oﬀsets or any drifts. Especially if a subject is contained with a
moving vehicle such as car or aeroplane the dynamics are such that the magnitude
and direction of the measured acceleration vector may vary signiﬁcantly with
time.
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2.2.3 Potentiometer
Potentiometers are also very widely used as a part of displacement transducers
because of the simplicity of construction and the large output signal. It is widely
used in the mechanical motion capture system. For the commercial system Gypys
5, 37 potentiometers are employed[75]. The alignment on body joints is diﬃcult,
speciﬁcally for multiple degree of freedom (DOF) joints.
2.2.4 Implantable Transducer
Implantable transducers for measuring movement and forces in limbs and joints
generally have been developed for acute or intraoperative measurements in hu-
mans and animals, or short term chronic animal studies. Implantable sensing
technologies having been reported for measurement of joint movement include:
muscle and tendon length measurements using elastic strain gauges , sonomi-
croscopy, and Hall eﬀect transducer based devices[36; 38; 50]. Mark W. Johnson
developed an implantable joint angle transducer (IJAT) to provide command-
control and feedback-control information for chronic use with functional neuro-
muscular stimulation (FNS) neuroprostheses, which can measure angles of 2 DOF
joints in humans[50]. The implantable transducer is invasive to human body and
may be not suitable for some people.
2.2.5 Bio-measurement
K. S. Kim provides an approach for the detection using bio-impedance. The
impedance is measured by the four-electrode method. As the impedance changes
resulting from ankle, knee, and hip movements depended heavily on electrode
placement, they determined the optimal electrode conﬁgurations for those move-
ments by searching for high correlation coeﬃcients, large impedance change[37].
This method has a problem that absolute impedance values and their changes
diﬀer between individuals. Chou-Ching K. presents a work to estimate the ankle
joint angle from the peroneal and tibial electroneurography (ENG) recordings.
Two single- channel cuﬀ electrodes for recording ENG were placed on the proxi-
16
2.3 Proposal of a Novel Method for the Measurement of 3-D Joint
Angle
mal part of rabbit peroneal and tibial nerves respectively. The study provides a
basis for implementing joint angle tracing without using artiﬁcial angle sensors[44].
2.3 Proposal of a Novel Method for the Mea-
surement of 3-D Joint Angle
The sensor proposed in the thesis has a very simple and single structure for the
3-D joint angle measurement. Based on the multifunctional sensing approach, the
device employs the minimum sensing elements to convert multiple angular param-
eters with diﬀerent characteristic to the linear displacement of several wires by
imitating the status of the skin on the joint using a ﬂexible tube. The structure
with no rigid sensing element mounting on the joint produces a more comfort-
able measurement comparing with the mechanical motion system. Additionally,
instead of combining several individual sensors together as generally, a single and
compact sensor is designed. The device also provides big measurement ranges
for the measurement of freely arbitrary movement. Comparing with the vision-
based system, although the proposed device is somewhat cumbersome, it has the
advantages such as no line-of-sight occlusion problems, the ability of working in
a harsh environment, a very simple data processing and the easy use for common
people, even outdoors. The proposed device also solves the drift problem existing
in IMU motion system. Finally, the simple and compact structure causes a much
lower cost than previous techniques.
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Chapter 3
Design of a Flexible Sensor for
3-D Joint Angle Measurement
Based on Multifunctional Sensing
Technology
3.1 Introduction
Measurement of human motion generate interest among researchers because of
their various applications. For example, the gait analysis provides an eﬀective
tool for evaluation and quantifying the eﬀects of surgical intervention or is used
as a clinical tool for the clinicians to choose suitable treatments for their patients
based on the information from the kinematic data[2; 4], the gesture discrimination
of arm can be used in control of vehicles[10], monitoring the healthy condition
of human[9], and the motion capture can provide a wide range of sports applica-
tions in research, rehabilitation, physical education and practice. Measurement
of joint angle plays an important role in the above ﬁelds. Joint angles of hip, knee
and ankle can describe the kinematics in gait analysis, while the joint angles of
shoulder, elbow can help to describe gesture of arm.
Inertial measurement unit (IMU), which employs inertial sensors such as gy-
roscope and/or accelerometer, is one of the most popular methods to sense the
movement and orientation of the moving body which can help to calculate the
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joint angle because of their capability of reconstructing the trajectory of sensed
anatomical points[28; 33; 34; 45; 48; 49]. Kinematic values such as shank and thigh
inclination angles, knee joint angle or elbow joint angle can be derived by inte-
gration of angular acceleration or angular velocity. But IMU faces a problem that
the data obtained from integration can be distorted by oﬀsets or any drifts. Espe-
cially if a subject is contained with a moving vehicle such as car or aeroplane the
dynamics such as the magnitude and direction of the measured acceleration vector
may vary signiﬁcantly with time. Many researcher are concerning on measuring
uniaxial joint angle[29; 30; 46] which limits the applications. If three-dimensional
joint angular parameters are required, a more complicated device, algorithm, and
higher cost are required. For example, Karol employed two tri-axial accelerome-
ters, two tri-axial rate gyroscopes, two tri-axial magnetometers to obtain the 3-D
ankle joint angle[45].
Vision-based system is another popular method for tracking the motion and
recognizing the gesture of human[51; 52; 53; 54]. Single or multiple cameras acquire
video stream that is processed and gestures are mapped into temporal signatures
of changes in video frames [26; 51]. Passive/Active marker system places a number
of dot strategically on the human body to perceive the position, movement and
other information of bodies easily [27]. The major advantage of optical system is
no wire and tether. However, the vision-based system faces problems such as the
contending with occlusions which may loss some motion information, requirement
of the monitoring condition such as brightness, background etc. Therefore, it is
not suitable to capture the movement information over a larger distance and
outside a laboratory environment.
Additionally, methods for joint angle measurement based on other principles
were also proposed. K. S. Kim[37] proposed a bio-impedance sensor technique
for leg movement analysis, which has a problem that absolute impedance values
and their changes diﬀer between individuals. M. K. Johnson[50] developed an im-
plantable transducer for two-degree of freedom joint angle sensing, whose invasive
character may be not suitable for some persons.
Based on multifunctional technology which is developed in recent years [8; 9], a







Figure 3.1: Application of proposed approach
is diﬀerent from previous works in the following respects. First, instead of com-
bining several individual sensors together as common sense, a single structure is
proposed with the ability of estimating both obliquity and bending direction si-
multaneously. Direction can be measured over the range of 360◦, while the scale of
obliquity can be designed according to the requirement. The prototype proposed
in this study is possible to measure the obliquity range over from 90◦. Second,
the selection of a hollow ﬂexible tube as main body characters the non-invasive
advantage. It gives good alternative ability for application and results the ability
for biomechanical application. Third, the result has a good linearity in obliquity
measurement and sinusoidal characteristic in direction estimating. As a result,
a simple data processing can be obtained. Fourth, the selection of inductance
principle provides the robust character environment change. Additionally, com-
paring with the vision-based system, although the proposed device is somewhat
cumbersome, it has the advantages such as no line-of-sight occlusion problems,
the ability of working in a harsh environment, a very simple data processing and
the easy use for common people, even outdoors. Finally, the simple and compact
structure causes a much lower cost than previous techniques. Finally, its simple
and compact structure causes a lower cost than previous techniques.
As to this approach, the tube can be ﬁxed on the testing object as convenient
with no limit. For example, directly ring the tube over the object or ﬁx its two
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ends outside as shown in Figure 3.1.
3.2 Multifunctional Sensing Approach
Multifunctional sensing approach, which has been developed in the last decade,
is used to instruct the design of sensor[15; 19; 21; 39]. It is diﬀerent from integrated
and compound sensors whereas the former one uses the same structure to realize
multiple functions or measure several parameters, while the latter two employ
individual sensor for each function or measurement. As shown in Figure 3.2, X1
and X2 are the two quantities being measured, Y1 and Y2 are the outputs, while
X ′1 and X
′
2 are the estimating results. In conventional works, two sensors with
the characters as Y1 = f1(X1) and Y2 = f2(x2) are combined for measurement.
Although data processing of this way is simple, ﬁxing of two separated sensors
and their corresponding measuring setups may cause a complicated structure. As
to multifunctional sensing, each output is the fusion of two measurands, which
are Y1 = f1(X1, X2) and Y2 = f2(X1, X2). Comparing to conventional works,
the structure may be compact, but the data processing for reconstructing two
measurands is needed. By well designing of the sensing structure, a simple data
processing can be obtained.
Based on this principle, a structure is designed with the same three sensing
elements. In order to measure the full-range direction, we employs another sensing
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Figure 3.2: Measurement principle of a multifunctional sensor with two quantities
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3.3 Working Principle and Conﬁguration
Skin is an organ of the integumentary system that guards underlying muscles and
organs. It is ﬂexible and has many wrinkles, especially on the joint. Diﬀerent ges-
tures of extremity will cause corresponding extending/accumulating of wrinkles.
If we draw several black lines on the elbow, their lengths diﬀer with diﬀerent joint
angle, as illustrated in Figure 3.3. Therefore, the angular parameter is converted
to the length change of skin. But it is diﬃcult to measure the actual length of
skin and diﬀer between individuals. A ﬂexible tube with wrinkles, is selected
to imitating the action of skin, as shown in Figure 3.4. It has two important
characters that keeps a constant radius and resists to twist in order to obtain a
simple data processing. Ends of tube are mounted on the two segments of tested
object. The relative position of its two ends indicates the joint angle.
Figure 3.3: Source of the idea: The length changes on the elbow
Figure 3.4: The tube selected as main body for the measurement
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Figure 3.5: Conﬁguration of prototype
3.3.1 Conﬁguration of Prototype
A prototype based on proposed approach is built for testing its performance, as
shown in Figure 3.5. The main part is a ﬂexible tube with wrinkles as shown
in Figure 3.4. One important character of the chosen tube is that its radius of
section keeps the same value with bending. The radius of tube for building the
prototype is 12mm with length of 220mm. Three iron wires with radius of 0.75mm
and length of 170mm are ﬁxed on one end of tube with 120◦ interval of each other
by a ﬁxing ring. Three rigid solenoids with radius about 1mm and length about
100mm are ﬁxed on the other end of tube corresponding to the position of iron
wires. 15 small rings are attached on the surface of tube and compose three
tracks for restricting the iron wires to move smoothly on the tube surface in a
ﬁxed orbit. The free ends of iron wires are injected into three solenoids throughout
the restricting rings and their initial positions are the middle of solenoids. Iron
wires act as cores of solenoids for increasing their self-inductances, and each pair
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of them composes a sensing element. Bending of tube causes diﬀerent length
changes of three chosen generatrices and drives the wires to move up and down
in the solenoids, which lead to the change of self-inductances. The technology
for inductance measurement has been mature, and the design of circuit part is
not concerned in this study. Three self-inductances L1, L2 and L3 of solenoids
are measured by LCR meter(ZM2355, NF. Corp) as outputs of the approach.
In order to prove the feasibility of this approach and obtain the characters of
outputs, some sample points need to be measured as database. A structure with
direction scale and obliquity scale used for setting required positions is proposed
as shown in Figure 3.5.
3.3.2 Working Coordinate System and Geometric Analy-
sis
Figure 3.6 shows the coordinate system for geometric analysis of the prototype, in
which two angular parameters are deﬁned to describe the relative position of two
ends of tube. The deﬁnitions of original direction 0◦ , obliquity 0◦, direction φ
and obliquity θ are illustrated in the coordinate system, respectively. Obliquity is
deﬁned as the supplementary of the angle included between normal vectors of two
end sections. The two ends of the tube are supported by the rigid solenoids and
ﬁxing ring, and the middle part of tube bends, which causes the length changes
of generatrices. Three generatrices with 120◦ interval on the surface of tube are






3 are their curve lengths
of the bending part.
The bending radius of the tube is not a constant, which changes gradually







3. Figure 3.6(a) shows a section view of the tube. C(θx) is the
bending central point of the tube central axis which is not a constant position.
Three lines bend around the same axis vertical to OC as shown in Figure 3.6.
The change of direction results in the variety of three radiuses of selected lines,
which leads to diﬀerent length changes of generatrices. We can obtain following
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(a) Section view of tube (b) Working coordinate system
Figure 3.6: Working coordinate system and geometric analysis
equations ⎧⎨
⎩
r1(θx) = r(θx)− a · cos(φ + 90◦)
r2(θx) = r(θx)− a · cos(φ + 210◦)
r3(θx) = r(θx)− a · cos(φ− 30◦)
(3.1)
where r(θx) is the bending radius of the tube central axis whose value can be
aﬀected by obliquity and working condition, for example, the extending or com-
pression of tube. r1(θx), r2(θx) and r3(θx) are the bending radiuses of three chosen
lines. a is the radius of tube section as a constant. As we know, the length of
arc is the product of central angle and radius. As shown in Figure 3.6(b), the




















(r(θx)− a · cos(φ− 30◦))dθx
(3.2)
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3.3.3 Inductance Principle for Measurement
If the length of solenoid is much greater than its radius, the magnetic ﬁeld can
be considered as average distributing. Self-inductance is direct proportional to
the core length inside of it, which can be expressed as
L = L0 + k · lc (k = 4πN
2r2c
l2
(μr − 1) · 10−7)
= L′0 + k ·Δlc (3.3)
lc: the length of the core in solenoid
Δlc: the length change of core in solenoid.
L0: the self-inductance of solenoid without core
L′0: the self-inductance of solenoid with core at its initial position. .
k: a constant decided by solenoid scale and characters of iron core.
μr: relative permeability of the core.
rc: the radius of the iron core.
N : the number of turns.
l: the length of solenoid.















Δlc1, Δlc1 and Δlc1 are the length changes of core in solenoids. d0 is the initial
length of the curve part when θ = 0◦. As a result, using (3.3) and (3.4), three
inductances can be calculated as⎧⎨
⎩
L1 = k · a · θ · cos(φ+ 90◦) + f(θ, r) + δL
L2 = k · a · θ · cos(φ+ 210◦) + f(θ, r) + δL
L3 = k · a · θ · cos(φ− 30◦) + f(θ, r) + δL





3.4 Characteristic Experiment of Prototype
δL is the inductance change caused by environment change or measurement
circuit, which is the same value to three inductances. By subtracting each equa-






φ = Γ1(L1 − L2, L1 − L3)
θ = Γ2(L1 − L2, L1 − L3) (3.6)
3.3.4 Process of Scale Design
Step 1: Decide the suitable radius of the tube based on requirement and the
ﬁxing way.
Step 2: Calculate the length of solenoid. By (3.2), the maximum length
diﬀerence of generatrix caused by bending is
Δd = 2 · θ0 · a (3.7)
θ0 is the measuring scale of requirement, and Δd is the minimum value for de-
signing the length of solenoid. In order to obtain good linearity at the edge and
considering the existing of extending of tube, the real length should be longer
than Δd.
Step 3: Compose all parts and ﬁx on measured object.
3.4 Characteristic Experiment of Prototype
3.4.1 Experimental Method
In order to prove the feasibility of this approach, three inductances of the pro-
totype are measured at the sample points whose φ steps by 30◦ with ranging
from 0◦ to 330◦, and for each φ, obliquity θ steps by 10◦ with ranging from 0◦ to
90◦. Consequently, the data list as Lx(φ, θ), whose x = 1, 2, 3;φ = m · 30◦, m =
0, 1, . . . 11; θ = n · 10◦, n = 0, 1, . . . 9 can be obtained. At these points, L1, L2
and L3 are measured in sequence by the LCR meter with working frequency of
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10kHz. The experiment is carried out four times and the average value is calcu-





















































(c) Results of L3
Figure 3.7: Experimental results of L1, L2 and L3 on sample points
Figure 3.8 shows the surface composed by sample points with L1, L2 and L3
as their coordinate values, respectively. The center point of the surface is the
initial position where φ = 0◦ and θ = 0◦. The longitudinal radial line indicates
the inductances changing with obliquity at a ﬁxed direction, while the latitudinal
loop line indicates the inductances changing with direction at a ﬁxed obliquity.
Each point on this surface has a unique set of inductances as its coordinate value,
which corresponds to a unique space direction.
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Figure 3.8: Experimental results at sample surface
3.4.2 Calculation of Coeﬃcient k0
In (3.6), the value of k · a is the only coeﬃcient for estimating φ and θ. We
suppose k0 is equal to k · a, which is decided by the scale of prototype. In this
approach, instead of calculating in theory, k0 is obtained by the experimental








θ · cos(φ+ 90◦)− cos(φ + 210◦)
+
L1 − L3
θ · cos(φ + 90◦)− cos(φ− 30◦))) (3.8)
n is the number of points except for the ones whose numerator and denom-
inator are equal to zero. φ and θ are the setting angle parameters. k0 is the
average value of the calculating results at each measuring point and is calculated
as 4.1848 by (3.8).
3.4.3 Estimation of Direction
Figure 3.9 gives the experimental results of L1 − L2 and L1 − L3, whose value
has a sinusoidal relation with direction with a ﬁxed obliquity. The only diﬀerence
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Figure 3.9: Sinusoidal relation with direction
between them is the 120◦ phase. Direction can be calculated by (3.9), which
eliminates obliquity and k0 by dividing each equation of (3.6).
L1 − L2
L1 − L3 = m =
cos(φ + 90◦)− cos(φ + 210◦)
cos(φ+ 90◦)− cos(φ− 30◦)






150◦ (L1 = L3, L2 = max(L1, L2, L3))
330◦ (L1 = L3, L2 = min(L1, L2, L3))
φ‘ (L3 = max(L1, L2, L3), φ‘ > 0)
φ‘ + 2π (L2 = min(L1, L2, L3), φ‘ < 0)
φ‘ + π (else)
(3.9)
Estimation of direction is independent of the scale of prototype. Figure 3.10
shows the estimated direction at the sample points, the maximum error of which
is approximately 2◦. The average error obtained by the estimated results of all
points is 0.69◦.
3.4.4 Estimation of Obliquity
Figure 3.11 shows the experimental results of L1 − L2 and L1 − L3, whose value





























Figure 3.10: Estimated direction results
line is the function of direction as demonstrated in (3.10).
L1 − L2 = k1 · θ L1 − L3 = k2 · θ
k1 = k0 · (cos(φ + 90◦)− cos(φ + 210◦))







) ∗ 1|k1|+ |k2| (3.10)
For the reason that the bending direction causes a corresponding sensitivity of
obliquity, the ﬁnal result of obliquity is the weighted mean of obliquities calculated
by L1−L2 and L1−L3, the weighted values of which are determined by estimated
direction.
Figure 3.12 shows the estimated obliquity obtained by (3.10), the maximum
error of which is approximately 3◦. The average error obtained by the estimated
results of all points is 1.39◦.
3.5 Discussion
The response of the measuring system to diﬀerent angle parameters is quite sat-
isfactory. In terms of the measurement accuracy, the experiment was carried
out four times and the average value was used for obtaining the characteristics
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Figure 3.11: Linear relation with obliquity
of outputs. The relative error of inductance measurement was found less than
0.2%. The estimated errors of the prototype were approximately less than 2◦ and
mean 0.69◦ in direction, less than 3◦ and mean 1.39◦ in obliquity. The accuracy
of the proposed approach is satisfactory for the reason that although the proto-
type is all handmade, its accuracy is able to reach to the level of the works using
high cost transducers. For example, the reported mean error in [40] is 2.9◦, the
ﬂexion resolution of [46] ranges from 0.4◦ to 3◦, and the mean error of [37] is 0.2◦.
Systematic errors are mainly due to several factors, such as
(1) The slight distortion of the section of tube changes the bending radius of
each sensing elements.
(2) The gaps between the moving wires and the solenoids causes a drift of
inductance value.
(3) The error of experimental setup for setting corresponding positions is
about 1◦, which will also aﬀect the accuracy of estimated results.
Improving the technological manufacture level and the accuracy of the ex-
perimental apparatus used to obtain the characteristic of the sensor will surely
increase the accuracy.
This sensor is a passive measurement. According to (3.3), without considering
the distortion of section of tube, the curve lengths of bending part of tube can




























Figure 3.12: Estimated obliquity results
causes the changing of r during the hysteresis time. Because the part of integral of
bending radius r is eliminated during data process as shown in (3.6), the hysteresis
of tube gives little aﬀection to the estimated results. As a result, the dynamic
characteristic mainly depends on the circuit for data collection and processing.
3.6 Summary
A novel multifunctional sensor for estimating the angular position of a 3-D joint is
proposed in this chapter. By imitating the skin covers on human joint, a structure
with a ﬂexible tube as the main body is designed. The direction and obliquity
with big ranges can be estimated simultaneously. Its ﬂexible and non-invasive
characters give the possibility of applying in biomechanical ﬁeld. Two angles are
converted to the linear displacements of three wires. The data processing method
eliminates the aﬀections of diﬀerent bending radius, environment change and so
on. A simple data process is used to calculate the ﬁnal results.
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Chapter 4
Study on the Advanced Function
of Tube-Type Sensor for the
Measurement of Multiple Human
Joints
The sensor proposed in Chapter 3 is capable to measure 2DOF of a human joint,
such as wrist or ankle. The obliquity and direction are used to describe the move-
ments such as ﬂexion, extension, abduction, adduction. However, another kind
of movement, rotation, exists in the pivot joint or the ball and socket joint. One
typical example is the rotation of radius and ulna linking to the wrist joint. In
order to describe the human motion precisely, torsion angle is also valuable to be
measured, whose character is diﬀerent from the bending direction and obliquity.
Additionally, the sensor capable to measure the angular positions of multiple
joints with a single structure is expected in order to reduce the number of sensors
mounted on human joints. In this chapter, based on the basic working principle
presented in Chapter 3 and multifunctional sensing technology, the author devel-
ops the sensor to work in the advanced function to measure additional angles.
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4.1 Measurement Principle of a Multifunctional
Sensor with Three Angular Parameters
By the sensor presented in the last chapter, two angular parameters of a 3-D joint
are calculated by three self-inductances as outputs. In fact, three functions have
the possibility to calculate three unknown variables. The schematic structure of
a multifunctional sensor with three quantities is shown in Figure 4.1, where X1,







reconstructed value and are calculated by the outputs Y1, Y2 and Y3 of sensor.
Here, g1, g2 and g3 are the reconstructions of X1, X2 and X3 with variables Y1,
Y2 and Y3.
Figure 4.1: Measurement principle of a multifunctional sensor with three mea-
surands
As to three variables, the number of measurement equations may go up to
three, and as a consequence, the solution algorithm must be performed in 4D
space, which situation causes the reconstruction very complicated, even can not
obtain appropriate reconstruction results sometimes. Therefore, the design of
multifunctional sensor is important for achieving a simple data processing. As
the multifunctional principle shows, the output Y1 contains the eﬀects of more
than one measured quantities.
Y1 = f1(X1, X2, X3) (4.1)
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If we employ the same two sensing elements, keep the value of input X2 and




1 , three functions can be obtained with
almost the same expression as shown in (4.2).⎧⎨
⎩






1 , X2, X3)
(4.2)
The tube sensor proposed in this thesis convert angular parameters to the
displacements of wires. We add another angular parameter ψ for evaluation. The
lengths of wires can be expressed as below.
d1 = m1(φ, θ, ψ) (4.3)
Three sensing elements are placed with φ0 and the lengths of three wires can be
expressed as below.⎧⎨
⎩
d1 = m1(φ, θ, ψ)
d2 = m2(φ, θ, ψ)




d1 = m(φ, θ, ψ)
d2 = m(φ + φ0, θ, ψ)
d3 = m(φ− φ0, θ, ψ)
(4.4)
where m is the same function as m1.
In Chapter 3, wire displacements are the functions of φ and θ. The diﬀerences
of the displacements of each two wires are used to compose the functions for
calculation. In order to induce the third angular parameter without aﬀecting
the before measurement, the best way is that the third angle causes the same
displacements to three sensing elements. In (4.5), Γ(ψ) is independent of the
other two angles. ⎧⎨
⎩
d1 = n(φ, θ) + Γ(ψ)
d2 = n(φ + φ0, θ) + Γ(ψ)
d3 = n(φ− φ0, θ) + Γ(ψ)
(4.5)
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4.2 A Developed Structure to Measure the Tor-
sion Angle Based on Inductance Measure-
ment
4.2.1 Introduction
The sensor proposed in Chapter 3 is capable to measure 2DOF of a human joint,
such as wrist or ankle. The obliquity and direction are used to describe the
movements such as ﬂexion, extension, abduction, adduction. However, another
kind of movement, rotation, exists in the pivot joint or the ball and socket joint.
One typical example is the rotation of radius and ulna linking to the wrist joint.
In this section, a developed structure is proposed, which still employs the
inductive principle for the measurement of displacement of wire. The shoulder
joint is taken as an example to induce the coordinate system for the reason that
it is the most mobile joint in the body. The shoulder joint is a ball and socket
joint, the distal bone of which is capable of motion around an indeﬁnite number
of axes with one common center. Actually, the rotation of shoulder joint is led
by the rotator cuﬀ muscles attached on the proximal humerus. It is a gradual
change from the shoulder joint to the elbow, which is deﬁned as torsion angle, ω.
The mount of one end of tube on the area of deltoid muscle eﬃciently reduces
the aﬀect of arm rotation because of the slight transverse deformation of skin on
the deltoid muscle. In chapter 3, we are mainly concerned on the estimation of
φ and θ with big ranges. The estimation of rotation of the joint is introduced
in this section as the advanced working mode. Considering the torsion angle, 3
DOF with diﬀerent characteristics, named direction, obliquity and torsion angle
are used to represent the gesture, as shown in Figure 4.2.
The developed sensor is characterized in the following respects.
(1) Measurement of three angles simultaneously with the minimum outputs.
The additional measurement of torsion angle.
(2) The sensor also provides big measurement ranges for the measurement of
freely arbitrary movement. The prototype built in the study is able to take a full
range measurement of bending direction, obliquity ranging from 0◦ to 60◦ and
torsion angle ranging from 0◦ to 180◦.
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Figure 4.2: Three degrees of freedom of a ball and socket joint
(3) The ﬂexible tube is mounted on the joint without limiting human motion.
(4) A low cost.
4.2.2 Working Principle and Conﬁguration
4.2.2.1 Working Principle
Based on the principle introduced in last chapter, a ﬂexible tube with wrinkles is
selected as the main body of the sensor. The lengths of its generatrices vary with
diﬀerent relative positions of two ends. As the author introduced in last section,
in order to achieve a simple algorithm, the torsion angle need to be measured
independently of direction and obliquity. A rigid tube is selected to separate
torsion angle and gives the same displacement to the wires. A prototype is built
to introduce the advanced approach, give the characteristics of the sensor and
prove its feasibility.
4.2.2.2 Conﬁguration of Prototype
The conﬁguration of the prototype is shown in Figure 4.3. The main body is
composed by a ﬂexible tube for measuring bending of joint as part 1 and a rigid
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tube for measuring twisting as part 2. The radius of the ﬂexible tube for building
the prototype is 12mm with its length of 220mm, while the rigid tube has the same
radius with its length about 80mm. Two tubes are joined together and mounted
on the frame whose two segments are connected by a joint, which is able to imitate
the motion of human extremity with three degrees of freedom. The free end of the
ﬂexible tube is ﬁxed on the below segment by ring 1. Ring 2 and ring 3 are used
to keep the position of tube along the axial direction and prevent the excursion
from the centre axis of the frame. With this structure, twisting of the upper
segment is separated to only act on the rigid tube. Three iron wires with radius
of 0.75mm and length of 250mm are ﬁxed on ring 4 with 120◦ angular separation
of each other. Ring 4 is ﬁxed on the upper segment to rotate with the twisting of
measured object. Three solenoids with radius of 1mm and length of 120mm are
ﬁxed on the other end of the ﬂexible tube corresponding to the position of iron
wires. Totally 15 small rings are attached to the surface of tube to compose three
tracks for providing the smooth movement of iron wires on the tube surface in a
ﬁxed orbit. Free ends of the iron wires are inserted into three solenoids with length
of 70mm as the initial position throughout ring 2 and the restricting rings. Iron
wires are employed as cores of the solenoids to increase their self-inductances, and
each pair of them composes a sensing element. Figure 4.3(a) shows the section
view of the prototype. Bending of the measured object leads diﬀerent movements
of the three wires on the surface of the ﬂexible tube, while the twisting drives the
movement of the twisting ring(ring 4) to produce the same spiral movements of
three wires on the surface of rigid tube. Diﬀerent movements of the free ends in
solenoids produce corresponding changes of three self-inductances. Using LCR
meter(ZM2355, NF. Corp), three self-inductances as L1, L2 and L3 are measured
in sequence as outputs. Figure 4.3(b) shows the apparatus with direction scale,
obliquity scale and twisting scale for setting required positions to achieve the
characteristics of this prototype.
4.2.2.3 Parameter Deﬁnition and Coordinate System
Figure 4.4 shows the working model and coordinate system of the sensor in order
to obtain the relationships of three angular parameters and displacements of
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(b) Configuration of prototype and the frame for
setting required positions
Figure 4.3: Conﬁguration of the prototype








◦ angular separation are drawn to represent three wires. Spherical
coordinate system are chosen to represent the spatial orientation of a joint. φ is
the azimuth angle from the positive z-axis which is the bending direction of arm.
θ is the zenith angle from the positive x-axis which is the obliquity of arm. The
positive direction of torsion angle ω is deﬁned as clockwise.
Twisting causes the same spiral movements of three wires on the surface of
the rigid tube. The length of spiral line dω is calculated as below.
dω =
√
a2 · ω2 + d2r (4.6)
where a is the radius of the tube, and dr is the length of the rigid tube.
Comparing with the structure proposed in last chapter as shown in Figure 3.6,
the length of the spiral wires on the rigid tube are added to calculate the lengths
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(a) Section view of prototype (b) Working coordinate system












(r(θx) + a · sinφ)dθx + ds +
√




(r(θx) + a · sin(φ + 120◦))dθx + ds +
√




(r(θx) + a · sin(φ− 120◦))dθx + ds +
√
a2 · ω2 + d2r
(4.7)






3. ds is the length of
ﬂexible tube with no bending.
The developed structure still employs the three sensing elements using in last
chapter. Δlc of the three solenoids can be expressed as below,⎧⎪⎨
⎪⎩
Δlc1 = d0 − (
∫ θ
0
(r(θx) + a · sinφ)dθx + ds +
√
a2 · ω2 + d2r)
Δlc2 = d0 − (
∫ θ
0
(r(θx) + a · sin(φ + 120◦))dθx + ds +
√
a2 · ω2 + d2r)
Δlc3 = d0 − (
∫ θ
0
(r(θx) + a · sin(φ− 120◦))dθx + ds +
√
a2 · ω2 + d2r)
(4.8)
Δlc1, Δlc1 and Δlc1 are the displacement of three wires in the solenoids. d0 is
the initial length of the chosen line, which is equal to ds +dr +dc. dc is the initial
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length of the curve part. Therefore, using (3.3) and (4.8), three inductances can
be calculated as below. ⎧⎨
⎩
L1 = −k · a · θ · sinφ + f(θ) + L(ω)
L2 = −k · a · θ · sin(φ + 120◦) + f(θ) + L(ω)
L3 = −k · a · θ · sin(φ− 120◦) + f(θ) + L(ω)
(4.9)
(f(θ) = L′0 − k · (
∫ θ
0
r(θx)dθx − dc), L(ω) = −k · (
√
a2 · ω2 + d2r − dr))
L(ω) is the inductance change caused by twisting, which is the same value to
three sensing elements. Each output is the function of three parameters. By
calculating (4.9) inversely, angular parameters can be estimated.⎧⎨
⎩
L1 = f1(φ, θ, ω)
L2 = f2(φ, θ, ω)




φ = g1(L1, L2, L3)
θ = g2(L1, L2, L3)
ω = g3(L1, L2, L3)
(4.10)
4.2.2.4 Using Part of Tube to Compose Sensor
In this study, a whole tube is chosen to build the prototype, which may appear
cumbersome to human body. Actually, part of the tube also can be used for
building the sensor, which seems more comfortable to human. As shown in Fig-
ure 4.5, if part of a tube is chosen with φ0 as the angular separator of three lines,
only the phase parts of (4.9) change from ±120◦ to ±φ0, which also expressed
in (4.5). Its characteristic and data processing are the same as the prototype.
Figure 4.5 illustrates a sketch view of the application on human arm based on
the same principle of the prototype, which is ﬁxed on the arm by four rings. Fur-
thermore, by modifying the mounting method and the scale, the sensors suitable
for measurements of shoulder, knee or ankle also can be designed.
4.2.3 Experiment and Reconstruction
4.2.3.1 Experimental Method
The characteristics of the proposed approach are achieved by experimental results
of sample points. L1, L2 and L3 on sample points are measured in sequence by
the LCR meter with working frequency of 10kHz. Sample points are measured
for φ over the range 0◦ to 330◦ in increments of 30◦, and at each φ position,
42
4.2 A Developed Structure to Measure the Torsion Angle Based on
Inductance Measurement
Figure 4.5: Application of proposed approach using part of ﬂexible tube
measurements are taken for θ over the range 0◦ to 60◦ in increments of 10◦. The
outputs are measured without twisting acting on object. Consequently, the data
list denoted as Lx(φ, θ), where x = 1, 2, 3; φ = m ·30◦, m = 0, 1, . . . 11; θ = n ·10◦,
n = 0, 1, . . . 6 can be obtained. Figure 4.6 shows the surface composed by sample
points with L1, L2 and L3 as coordinate values, respectively. The center point of
the surface is the initial position where θ = 0◦ and φ loses signiﬁcance. Each radial
line displayed represents the direction and the radial distance from the center
represents obliquity. Each point on this surface has a unique set of inductances
as its coordinate value, which corresponds to a unique 3-D joint angle.
Additionally, some positions are measured for reconstructing equation of tor-
sion angle. The initial point where θ = 0◦ and three positions where φ = 90◦,
θ = 30◦; φ = 180◦, θ = 50◦ and φ = 270◦, θ = 20◦, are selected. L1, L2 and
L3 are measured with torsion angle ranging from 0
◦ to 180◦ in increments of 10◦.
Existence of twisting reduces the value of three inductances with the same shift
as shown in Figure 4.6.
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φ=90 °, θ=30 °
φ=180 °, θ=50 °
φ=270 °, θ=20 °
 
φ=0 ° 
φ=90 ° ω 
Figure 4.6: Experiment results at sample points with diﬀerent direction, obliquity
and torsion angle
4.2.3.2 Measurement Process
The ﬂow of data process is shown in Figure(4.7). Firstly, φ is calculated using the
output equations. Then, the estimated φ is substituted into the output equations
again to achieve θ. If the sensor works in the advanced function, using the
estimated φ and θ, the third angle parameter ψ is able to be calculated.
Figure 4.7: Experimental results on sample points
This prototype is built based on the one built in chapter 3. The data process-
ing for φ and θ are the same as expressed in (3.9) and (3.10).
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4.2.3.3 Estimation of the Additional Torsion Angle
Twisting causes the iron wires move on the surface of the rigid tube with a spiral
orbit and produce the same L(ω) to three outputs. Figure 4.8 illustrates the
average value of L1(ω), L2(ω) and L3(ω) over four trials. f(θ) in (4.9) can be
calculated by polynomial ﬁtting using the experimental data without twisting.
Taking estimated direction and obliquity into (4.11), L(ω) can be achieved.




(L1 + L2 + L3 − k0 · θ · (sin φ+
sin(φ + 120◦) + sin(φ− 120◦))− f(θ) (4.11)
Then, ω can be calculated theoretically by (4.6) or by the ﬁtting equation
obtained by the experimental data. In this study, the reconstruction of torsion
angle chooses the second method.
Figure 4.8: Inductance changes with twisting
Because of the character of spiral line, the sensitivity of torsion angle is not
good at the position with small twisting of wire as shown in Figure 4.8. If the
ﬁtting is applied over the range 0◦ to 180◦, the error is as high as 8◦ near the initial
position using the ﬁfth degree polynomial. If we try to do cubic polynomial ﬁtting
on torsion angle ranging from 60◦ to 180◦ as shown in Figure 4.9, he maximum
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error of experimental points is about 2◦, which is much better than the results of
full-range ﬁtting. The ﬁtting equation is shown in (4.12).
ω = −1.566L3(ω)− 13.19L2(ω)− 67.22L(ω) + 35.72 (4.12)
In actually application, in order to measure the small torsion angle of mea-
sured object sensitively, the initial status can be proposed that wires have been
wound on the rigid tube with 120◦. As a result, the measuring range is from
−60◦ to 60◦. The problem of distinguishing the clockwise or anti-clockwise is
also solved.













Figure 4.9: Fitting of torsion angle from 60◦ to 180◦
4.2.4 Discussion
The response of the measuring system to diﬀerent angle parameters is quite satis-
factory. The estimated results of direction and obliquity are the same as chapter
3. The measurement of torsion angle is added and the error is less than 2◦ without
considering the errors of direction and obliquity. In this section, we developed the
structure using two kinds of tube and employed three inductive sensing elements.
In the actual application for human, it has some inconvenient points.
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(1) The rigid tube is used to separate the torsion angle from the other two
angels and give the same length changes caused by torsion angle to the sensing
elements. But it is not so convenient to mount a rigid part over the segments of
the joint. This additional angle of this structure only can be torsion angle.
(2) The length of the solenoid must be longer than the displacement rage of
the wire. The big range of obliquity and torsion angle will cause a very long
solenoid for measurement.
(3) Comparing with resistance and capacitance, the measurement of induc-
tance needs a more complicated circuit.
4.3 Proposal of a Novel Sensor with Two Work-
ing Modes for Angle Measurement of Mul-
tiple Joints
4.3.1 Introduction
In this section, a novel sensor for the angle measurement of multiple joints is rep-
resented, which overcomes the shortages of previous sensor. It mainly contributes
to the following respects:
(1) The sensor has two working modes. The basic working mode is the mea-
surement of direction and obliquity of a 3-D joint. The advanced working mode
is optional, which is able to measure an additional angular parameter.
(2) The advanced working mode can be applied on not only the torsion angle,
but also has various applications such as additional obliquity, another 3-D angular
position.
(3) The basic working mode is able to be used on diﬀerent joints of diﬀerent
individuals without recalibration of calculating parameters.
(4) The new sensing element is able to measure larger ranges of multiple
angles.
(5) The proposed sensor has good ability on both static and dynamic mea-
surement. The simple data processing and three DC voltages as outputs give the
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immediate position information, which is able to provide real-time angles for any
type of activity.
(6) The new structure is able to be attached on a small area of skin as illus-
trated in Figure 4.10.
Figure 4.10: Attachment on the shoulder joint and deﬁnitions of two angles
4.3.2 Conﬁguration of the Prototype with Three DC Volt-
ages as Outputs
4.3.2.1 Conﬁguration of the Prototype
A prototype is built to test the feasibility of the method. Its conﬁguration is
shown in Figure 4.11. A ﬂexible tube with external radius in 9mm, length in
200mm is selected as the main body. Three tracks composed of several small
rings with radius in 1mm are built on the surface of the tube with 120◦ angular
separation of each other. The tube is capable of extending/compressing at dif-
ferent angular position. Its pose can be evaluated by the displacement of three
wires.
The sensing element is built to test the wire displacement, which is mainly
composed of a stainless wire, a 10-turn rotary potentiometer and a DC motor, as
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(a) Configuration of sensing element (b) Configuration of the sensor
Figure 4.11: Conﬁguration of the prototype
shown in Figure 4.11(a). The potentiometer has a 5 kohm range. 2V DC voltage
is applied as the ﬁxed input voltage across the two ends of the pots. One end
of the wire is ﬁxed and wound about four turns on the shaft of potentiometer
as the initial position with 1V output. The DC motor connected with the po-
tentiometer produces a suitable strain to draw back the lax wire. Therefore, the
wire displacement can be measured by the potentiometer with a linear output.
Three sensing element are employed to provide three DC voltages outputs.
Wires of three sensing elements run through the tracks built on the ﬂexible
tube, respectively. Their free ends are ﬁxed on the tube by ring 1 and then
clustered to one bundle by the small hole on ring 2. The design of ring 1 and ring
2 is used to induce the optional advanced working mode. The end of the ﬂexible
tube and three testing segments are mounted in a case as shown in Figure 4.11(b).
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Movement of wire leads the rolling of potentiometer to represent as a voltage
divider. Three DC voltages v1, v2 and v3 as outputs are measured by DMM in
sequence. Three motors used to roll back the potentiometers are driven by a DC
voltage source in 2V which is able to control the strain on the wires. A frame
with direction scale and obliquity scale is built for setting required positions to
achieve the characteristics of the prototype.
The size of the device can be designed freely depending on the tested object.
Only the tube radius a is required in the latter data processing.
4.3.2.2 Measurement of Obliquity and Direction (Basic Working Mode)
The geometrical analysis of the prototype is similar to the last section. The three
voltages can be expressed as V1,2,3 = V0+ΔV1,2,3, where V0 is the output as initial
position and ΔV1,2,3 are the variations of V1,2,3. The relations of three voltages
and displacement of wires can be calculated as below.




where kv is the voltage change with 1mm displacement of wire. We suppose
d1,2,3 = d0 + Δd1,2,3, where d0 is the length at initial position. By (3.2) and
(4.13), we can obtain{
ΔV1 −ΔV2 =
√
3 · kv · a · sin(φ− π3 ) · θ
ΔV1 −ΔV3 = −
√
3 · kv · a · sin(φ + π3 ) · θ
(4.14)
In (4.14), only a is a constant related to the scale of the sensor and no integral
calculation exists. kv is a constant related to the potentiometer and supplied
voltage. Therefore, the sensor works in the basic function is able to be used on
diﬀerent joints of diﬀerent individuals without recalibration.
4.3.3 Measurement of an Addition Angle (Advanced Work-
ing Mode)
Besides the measurement of φ and θ as the basic working mode, the proposed
sensor is able to measure another angle as the advanced working mode. The ad-
vanced working mode is optional and needs recalibrations to diﬀerent individuals.
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4.3.3.1 Working Principle of Advanced Function
In the basic working mode, φ and θ are calculated by the diﬀerence of three
outputs. Substituting (4.14) into (3.1), (4.15) is obtained with two unknown
variables.⎧⎪⎨
⎪⎩
ΔV1 = kv · (
∫ θ
0
r(θx)dθx − d0)− kv · a · cosφ · θ
ΔV2 = kv · (
∫ θ
0
r(θx)dθx − d0)− kv · a · cos(φ− 2π3 ) · θ
ΔV3 = kv · (
∫ θ
0
r(θx)dθx − d0)− kv · a · cos(φ + 2π3 ) · θ
(4.15)
In fact, three equations have the capability to calculate three unknown vari-
ables. The attachment of sensor on diﬀerent individuals produces diﬀerent ex-
pression of kv · (
∫ θ
0
r(θx)dθx − d0 which is written as g(φ, θ). The same Γ(ψ)




ΔV1 = g(φ, θ)− kv · a · cosφ · θ + Γ(ψ)
ΔV2 = g(φ, θ)− kv · a · cos(φ− 2π3 ) · θ + Γ(ψ)
ΔV3 = g(φ, θ)− kv · a · cos(φ + 2π3 ) · θ + Γ(ψ)
(4.16)
The subtracting between each two equations of (4.16) remains the same expression
of (4.14). The additional variable does not aﬀect the calculation of basic mode.
Because g(φ, θ) depends on individuals, a recalibration is need to achieve its new
expression.
Ring 1 and ring 2 in Figure 4.11 are employed to add the Γ(ψ) to (4.16).
When the sensor works in the basic working mode, the wires are ﬁxed on the end
of tube by ring 1. If the sensor works in the advanced mode, ring 1 is loosen
and the bundle composed of three wires is able to move through the hole on
ring 2. The end of the bundle is ﬁxed on the tested object to induce the third
angle parameter. Figure 4.12 shows a structure which imitates the measurement
of torsion angle of shoulder joint. The sensor is attached on the surface of the
cylinder and the bundle composed of three wires has a spiral movement. The
cylinder has radius in 15mm and length in 80mm.
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Figure 4.12: A structure imitates the measurement of torsion angle of shoulder
joint


















Figure 4.13: Linear displacement measurement of three potentiometers
4.3.4 Calibration of Potentiometer and Experimental Re-
sults
In (4.14), a and kv are the constants for calculating φ and θ. kv is the volt-
age change with 1mm displacement of wire. Considering the resistance toler-
ance and linear tolerance of potentiometers, kv is calculated by the least squares
ﬁtting on the experimental results. The measurement of d is over the range
-20mm to 20mm in increments of 2mm. The measurement results of three po-
tentiometers are shown in Figure 4.13, respectively. The ﬁtting results of kv are
kv1 = 8.361mV/mm, kv2 = 8.429mV/mm and kv3 = 8.404mV/mm with the
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linear tolerance of 0.38%. kv is their average value for the simple data process,
which is 8.4mV/mm.
4.3.4.1 Experimental Data and Estimated Results of the Basic Work-
ing Mode
The process of experiments on sample points and the calculation of φ and θ are
similar as the author introduced in Chapter 3. Sample points are measured with
φ over the range 0◦ to 330◦ in increments of 30◦, and at each φ position, θ is over
the range 0◦ to 90◦ in increments of 10◦. Figure 4.14 illustrates the value of ΔV1,
ΔV2 and ΔV3 on the sample points. Figure 4.15 shows the estimated results of φ
















Δ V1 Δ V2 Δ V3
Figure 4.14: Experimental results on sample points
The maximum error of estimated direction is approximately 2◦ and the rms
error is 1.01◦. About the obliquity, the maximum error is approximately 2.6◦
with rms = 1.22◦.
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Figure 4.15: Estimated φ and θ on sample points
4.3.4.2 Estimation of the Additional Angular Parameter
If the sensor works in the advanced working mode, the Γ(ψ) can be calculated by













In the basic working mode, there is no need to consider the tube change be-
tween two ends. In the advanced working mode, g(φ, θ) containing the integral
needs to be calculated, which is diﬀerent to individual. Because of the multi-
formity of tested object, it is diﬃcult to calculate the numerical expression of
g(φ, θ) theoretically. We chose 2-D cubic spline interpolation as the data process-
ing method because of its smooth peculiarity and high accuracy. Before the actual
working of the sensor, some sample points are measured to build the database for
interpolation. Based on the development of computer and software, the value of
g(φ, θ) can be calculated accurately and rapidly. For the proposed prototype, the
results achieved by 2-D interpolation on the discrete grid points with 5◦ interval
are shown in Figure 4.16. Substituting φ, θ and g(φ, θ) into (4.17), the value of
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Figure 4.16: 2D interpolation of g(φ, θ)
ﬁt by experimental results. Then, the additional angular parameter ψ is able to
be obtained. The structure illustrated in Figure(4.12) imitates the measurement
of torsion angle of shoulder joint. Figure(4.17) shows the changes of three volt-
ages with ψ over the range 0◦ to 180◦ in increments of 10◦. The experimental
curves are similar to the theory curve calculated by (4.18).





+ 1− 1) (4.18)
where Rc is the radius of cylinder and dc is the length.
4.3.4.3 Discussion of the Dynamic Character
Potentiometer is employed to measure the linear displacement of wire, which
is able to provide voltage to calculate the immediate position. Together with
the simple data process, it is able to provide real-time angles for any type of
activity. In the basic working mode, the hysteresis of tube gives little aﬀection
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Figure 4.17: Experiment results in the advanced working mode
to the estimated results because of the elimination of integral part. Therefore,
the dynamic character of the proposed device mainly dues to the sensing element
for the displacement measurement. The wire acceleration of some commercial
wire-type displacement sensor has reached 10g. As a result, the sensor is able
to measure the high speed motion of sportsman by employing high level linear
displacement sensor. The measurement of immediate position also can help to
calculate the velocity and the acceleration during the movement.
4.3.4.4 Discussion
The inaccuracy of the prototype proposed in section 4.3 in basic working mode
was approximately less than 2◦ and the rms error is 1.01◦ in direction, less than
2.6◦ and rms = 1.22◦ in obliquity. The inaccuracy of the third angle of the
advanced wording mode depends on the working situation. The accuracy is satis-
factory for the reason that although the prototype is all handmade, its accuracy
is able to reach to the level of the works using high cost transducers as we have
introduced in Chapter 3, which also describes the factors causing systematic er-
rors.
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4.4 Applications on the Measurement of Multi-
ple Human Joints
Ring 1 and ring 2 in Figure 4.11 are employed to induce the Γ(ψ) to (4.16).
When the sensor works in the basic working mode, the wires are ﬁxed on the end
of tube by ring 1. If the sensor works in the advanced mode, ring 1 is loosen
and the bundle composed of three wires is able to move through the hole on
ring 2. The end of the bundle is ﬁxed on the tested object to induce the third
angular parameter. It is easy to ﬁnd that the movement of the bundle causes
the same corresponding displacements to three wires which results in the same
change of outputs. The induce of the advanced working mode greatly enlarges
the applications of the sensor.
4.4.1 Measurement of an Additional Uniaxial Joint Angle
(a) Add the measurement of torsion
angle to shoulder joint
(b) Add the measurement of knee
angle to ankle joint
Figure 4.18: Examples of advanced function
The measurement of an additional uniaxial joint angle is the simplest appli-
cation of the advanced working mode. There are two examples illustrated in
Figure 4.18. The additional angle can be another degree of freedom of the joint,
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Figure 4.19: Additional measurement of φw and θw of waist by employing two
sensors working in advanced function
such as the torsion angle of shoulder joint. It also can measure the angular posi-
tion of another uniaxial joint, such as add the obliquity of knee to the ankle joint
or the pivot joint to the wrist. Therefore, the sensor is capable to measure the
angular position of multiple joints.
4.4.2 Measurement of an Additional Three-dimensional
Angle
By employing two sensors, we can measure an additional 3-D angular position
such as waist. The expression Γ(ψ) is added to (4.16) to realize the advanced
working mode. Its expression is not limited to have only one variable, which also
can be written as Γ(ψ, ω). If another sensor has the expression as Γ(ψ+ψ0, ω+ω0)
where ψ0 and ω0 are known angular oﬀsets, it is possible to calculate the additional
two angle, ψ and ω.
Figure 4.19 illustrates an example of the additional measurement of waist by
employing the two sensors to measure the hips. Waist is the part of the abdomen
between the ribcage and hips. It is not a joint but it is capable to have a three-
dimensional motion. The symbols φw and θw are used to describe the relative
position the ribcage and hips. Two sensors for the hip measurement are placed on
the outboard of the femur and the pelvis. The ends of two bundles are mounted
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near the ribcage, as shown in Figure 4.19. Therefore, the bending direction of
the waist of two sensors has a 180◦ phase diﬀerent. Using (4.16), the value of
Γ(φw, θw) and Γ(φw + π, θw) can be achieved.
4.4.3 Sensor with Four Sensing Elements to Measure Four
Angular Parameters
4.4.3.1 A Multifunctional Sensor with Four Measurands
Figure 4.20: Measurement principle of a multifunctional sensor with four mea-
surands
It is a popular structure to employ four sensing elements with 90◦ interval of
each other to calculate the direction parameter over 360◦ range. Employment of
four sensing elements produces a simpler data processing to achieve the φ and
θ in basic working mode by using the wheatstone bridge circuit to measure the
voltage diﬀerences between each two sensing elements. As we introduced before,
four sensing elements produce four functions. By well designing the structure
of the sensor, four unknown measurands have the possibility to be achieved. If
another two angular parameters ψ and ω are added, the ﬂow chart of data process
is shown in Figure 4.20. Firstly, φ is calculated using the output equations. Then,
the estimated φ is substituted into the output equations again to achieve θ. If
the sensor works in the advanced function, using the estimated φ and θ, the third
angular parameter ψ is calculated. Finally, we substitute the estimated φ, θ and
ψ into the output equations to achieve the fourth angular parameter ω.
59
4.4 Applications on the Measurement of Multiple Human Joints
Figure 4.21: Section view of the tube with four sensing elements and ring 2
4.4.3.2 Conﬁguration of the Sensor with Four Sensing Elements
Figure 4.21 illustrates the section view of sensor, with four wires placing with 90◦
interval of each other. In order to add another two angles, ring 2 is redesigned.
There are two near holes on ring 2. Hole 1 is used to collected wire 1 and 3 as
bundle 1, and hole 2 is used collected wire 2 and 4 as bundle 2. By ﬁxing the
ends of bundle 1 and 2 on diﬀerent place, two additional angles can be induced.
Figure 4.22 shows an example of applying the sensor to measure the 3DOF of
wrist and 1DOF of elbow. The end of bundle 1 is ﬁxed on the forearm near
elbow, while the end of bundle 2 is ﬁxed on the arm. Similar to (4.16), the
voltage changes of four sensing elements can be expressed with four unknown
variables as below.⎧⎪⎨
⎪⎪⎩
ΔVRx1 = g(φ, θ)− kv · a · cos φ · θ + Γ(ψ)
ΔVRx2 = g(φ, θ)− kv · a · sin φ · θ + Γ(ψ) + Λ(ω)
ΔVRx3 = g(φ, θ) + kv · a · cosφ · θ + Γ(ψ)
ΔVRx4 = g(φ, θ) + kv · a · sinφ · θ + Γ(ψ) + Λ(ω)
(4.19)
4.4.3.3 Circuits for Basic Function and Advanced Function
For the sensor with four sensing elements, the wheatstone bridge circuit is em-
ployed to measure the voltage diﬀerences between each two sensing elements.
Figure 4.23 shown the measurement connection and its equivalent circuit in basic
working mode. The outputs V1 and V2 are the diﬀerences of each two sensing
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Figure 4.22: Application on measuring the 3DOF of wrist and 1DOF of elbow
elements . φ and θ can be directly calculated by V1 and V2.
V1 = (
Rx1
Rx1 + (R01 − Rx1) −
Rx3







= ΔVRx1 −ΔVRx3 (4.20)
V2 = ΔVRx2 −ΔVRx4 (4.21)
Figure 4.24 shows the measurement connection and its equivalent circuit in
the advanced working mode. The outputs V3 and V4 are the sum of outputs of
potentiometer 1 and 3, 2 and 4. Their expressions are expressed as below. By
(4.19), ψ and ω can be can be calculated by V3, V4, the estimated φ and θ.
V3 = VRx01 + VRx03 +ΔVRx1 +ΔVRx3 (4.22)
V4 = VRx02 + VRx04 +ΔVRx2 +ΔVRx4 (4.23)
where VRx01 , VRx02 , VRx03 and VRx04 are the initial values of four outputs.
4.4.4 A Sketch View of Applying Proposed Sensor for the
Measurement of Human Motion
The obvious contribution of the advanced working mode lies in the decrease of the
number of sensors mounted on the joints. Figure 4.25 illustrates a sketch view of
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Figure 4.23: Measurement connection and its equivalent circuit working in basic
function
applying proposed sensor for the measurement of main joints of human. 9 sensors
are employed which can measure the angular positions of 14 joints with 32 DOF.
Table 4.1 gives the functions of each sensor. The No. 9 sensor is not the tube-
type sensor, which employs two sensing element to measure torsion angle of head
and waist. The basic working mode of the other 8 sensors are able to measure
16DOF of the 8 joints with 3-D motion without recalibration on diﬀerent joints.
The advanced working mode is optional and additional 16DOF are measured but
needs a recalibration to diﬀerent individuals.
In order describe the human spatial position , a sensor capable of measuring
the elevation or inclination of the human body with respect to gravity is employed
to produce a reference point. The common inclinometer only can measure the
inclination angle without distinguishing the inclined direction of human body. In
the later two chapters, space angular position sensors with capability of measuring
inclination angle and its direction with full range are presented. The sensor is
ﬁxed on the outside of pelvis, and based on this point, the frame of the human
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Figure 4.24: Measurement connection and its equivalent circuit working in ad-
vanced working mode
body can be obtained.
4.4.5 Discussion
The dynamic character of the draw-wire-type sensor mainly lies on the sensing
element for the displacement measurement. The wire acceleration of the commer-
cial wire-type displacement sensor has been reaching 10g. As a result, the sensor
is able to measure the high speed motion of sportsman. The measurement of
immediate position can help to calculate the velocity and the acceleration during
the movement.
The future work is trying to reduce the size of the sensor for convenient. The
bundle of wires are possible to be embedded in the cloth for daily monitoring.
A suit with sensors embedded as shown in Figure 4.25 is expected to be made.
Additionally, building a regular track for the advanced working mode can simplify
the recalibrations and data process.
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Table 4.1: Functions of each sensor
No. Basic working mode Advanced wording mode
No. 1 left shoulder joint: 2DOF left shoulder joint:1DOF (twisting)
head: 3DOF (with No. 2 and No. 9)
No. 2 right shoulder joint:2DOF right shoulder joint:1DOF (twisting)
head: 3DOF (with No. 1 and No. 9)
No. 3 left wrist: 2DOF left wrist: 1DOF (twisting)
and left elbow: 1DOF
No. 4 right wrist: 2DOF right wrist: 1DOF (twisting)
and right elbow: 1DOF
No. 5 left hip joint: 2DOF left hip joint: 1DOF (twisting)
waist: 2DOF (with No. 6)
No. 6 right hip joint: 2DOF right hip joint: 1DOF (twisting)
waist: 2DOF (with No. 5)
No. 7 left ankle joint: 2DOF left knee: 1DOF
No. 8 right ankle joint: 2DOF right knee: 1DOF
No.9 waist: 1DOF, head:3DOF (with No. 1 and No. 2)
4.5 Summary
This chapter introduces the developments of the tube-type sensor for the mea-
surement of multiple human joints. Firstly, the measurement principle of a multi-
functional sensor with three angular parameters is introduced, which explains the
well design of the sensor can produce a simple data process. In order to induce
the third angular parameter without aﬀecting the before measurement, the third
angle brings the same aﬀection to three sensing elements and is independent of
other two angles.
Then, a developed structure of the sensor proposed in chapter 3 is presented,
which is able to measure an additional torsion angle with the same three inductive
sensing elements. In order to achieve a simple algorithm, a rigid tube is selected
to separate torsion angle from the other two angular parameters. A solution
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of distinguishing the clockwise or anticlockwise direction of torsion angle is also
proposed. A prototype is built to show the proposed multifunctional approach,
give the characteristic of the sensor and prove the feasibility by experiments.
In the third section, a new sensor which overcomes the shortages of the previ-
ous structure is proposed. It is capable of working in two modes for the measure-
ment of multiple human joints in order to reduce the number of sensors employed
on the joints. It realizes the basic working mode of measuring the direction and
obliquity of a 3-D joint. The optional advance working mode needs the recali-
bration to diﬀerent individuals. It is able to measure the angle of an additional
uniaxial joint, or the 3-D angular position of an additional 3-D joint by employing
two sensors. Direction, obliquity, and the additional angle, are converted to the
linear displacement of three wires. The characters of the sensor provides good
abilities in both static and dynamic measurement. The experimental results of
the built prototype is very promising, indicating the feasibility of the propped
method.
Finally, the applications of proposed sensor on the measurement of multiple
human joints are introduces. Additionally, we also describe the sensor with four
sensing elements to measure four angular parameters.
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The inclinometer is introduced specially for the reason that, in Chapter 5 and
6, we proposed a 3-D space angular position sensor based on the principle of
inclinometer, which uses inertia to detect the tilt from the gravity vector. It
can be used to test the spatial position of one segment of human body respect
to gravity. Additionally, two inclinometers can be utilized to calculate relative
position of two segments.
An inclinometer is an instrument for measuring angles of slope (or tilt), ele-
vation or inclination of an object with respect to gravity. It is also known as a
tilt meter, tilt indicator, slope alert, slope gauge, gradient meter, gradiometer,
level gauge, and level meter. Tilt sensors and inclinometers generate an artiﬁcial
horizon and measure angular tilt with respect to this horizon. Important speciﬁ-
cations to consider when searching for tilt sensors and inclinometers are the tilt
angle range and number of axes. The tilt angle range is the range of desired linear
output measured in degrees. The number of axes the inclinometer and tilt sensor
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measure on is another important speciﬁcation. Common sensor technologies for
tilt sensors and inclinometers are accelerometer, liquid capacitive, electrolytic,
gas bubble in liquid, and pendulum.
Measurement of inclination angle is researched because its wide application in
various industrial areas related to aerospace, automobiles, robotic system, health
science and so on[58; 59; 66; 67; 68].
Applications for vertical inclinometers include:
• Monitoring slopes and landslides to detect zones of movement and establish
whether movement is constant, accelerating, or responding to remedial measures.
• Monitoring diaphragm walls and sheet piles to check that deﬂections are
within design limits, that struts and anchors are performing as expected, and
that adjacent buildings are not aﬀected by ground movements.
• Monitoring dams, dam abutments, and upstream slopes for movement dur-
ing and after impoundment.
•Monitoring the eﬀects of tunneling operations to ensure that adjacent struc-
tures are not damaged by ground movements.
Applications for horizontal inclinometers include:
• Providing settlement proﬁles of embankments, foundations, and other struc-
tures.
• Monitoring deformation of the concrete face of a dam.
Most of the commercial inclinometers are uniaxial, which limits the its ap-
plications. Figure 5.1 shows two kinds of commercial uniaxial inclinometers.
Figure 5.2 illustrate an example to apply the uniaxial inclinometers for human
position measurement. The employment of uniaxial inclinometer limits the hu-
man position happening in only one axis. In order to measure the lateral ﬂexion
as shown in Figure 5.2(c), we must change the mounting direction of the sen-
sors shown in Figure 5.2(a). Therefore, the achievement of inclination angle with
multiple axes is highly recommended to enlarge the applications.
5.1.2 Introduction of Proposed Sensor
The area of angular position sensors has generated interests among researchers
because of their widely use in automobile, robotic system, directional drilling
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(a) Acumar Single Digital
Inclinometer
(b) H4 Series of Inclinome-
ter Sensors of Rieker Incor-
porated
Figure 5.1: Two kinds of commercial uniaxial inclinometers
technology and so on[41; 42; 43; 72]. Various research groups have investigated this
kind of sensor[47; 55; 56; 57]. Most studies have dealt with inclination sensor, whose
common principle is the action of gravity[70; 71; 74]. D. Benza [60] reports an innova-
tive low cost concept for the fabrication of micromechanical capacitive inclination
sensors. O.Baltag [61] develops a tilt sensor based on magnetic ﬂuid whose liquid
property causes the ﬂuid surface keep horizontal and correspond to a change of
output. Besides of the continuous angle sensor, discrete angular position sensors
have also been studied. Nevertheless, most of these angular position sensors are
aiming to measure only one angle parameter and with a limited scale. As to the
common sensor based on liquidity, the excursion of inclined direction may induce
error to inclination angle estimation, which results in a bounded application and
calibration. For example, Rongching D. use general tile sensors to measure the
angular displacement of leg segments of patient, which limits the bending of leg
perpendicular to the gravity vector reference axis[69]. The sensor with capability
to detect the inclined direction can break the limitation and obtain more detailed
results. Therefore, the achievement of inclination angle and inclined direction is
highly recommended to enlarge the applications. 3-D accelerator and gyroscope
are the devices to measure the direction, but their cost is high and may waste
their talent in some petty jobs. In this paper, utilizing the same principle of incli-
nometer, the authors propose a low cost multiaxial angular position sensor which
is able to measure the inclination angle and inclined direction simultaneously.
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(a) Measure total flexion (b) Measure Total Extension
(c) Measure Lateral Flexion
Figure 5.2: Application of uniaxial inclinometer on human position measurement
70
5.1 Introduction
As having introduced before, the important speciﬁcations to consider when
searching for inclinometers are the inclination angle range and number of axes.
In this paper, a novel multifunctional space angular position sensor is proposed,
which is characterized in the following respects. First, the main advantage of
this study lies in its multifunction, which means not only inclination angle, but
also inclined direction can be evaluated simultaneously with a simple structure.
Second, instead of measuring limited scale of the space direction, the proposed
sensor is possible to evaluate the whole space angular position information, which
indicates the inclination angle ranges from 0◦ to 180◦ while the direction ranges
from 0◦ to 360◦. Third, instead of combining two individual sensors together
for measuring two parameters, based on multifunctional principle, the sensor is
designed in a single and compact structure with a low cost. But because the sensor
works with gravity, it can not measure the horizontal plane rotation as gyroscope
does. The characters of proposed sensor enlarge its application in many ﬁelds.
For example, the ability of measuring two angles simultaneously make the sensor
can be used to monitoring the falling of object with inverted pendulum structure,
like trees, buildings, with every direction. It can be used to measure the spatial
position of human body with respect to the gravity as introduced in section 4.4.4.
It also can be used to testing the inclination of oil tank of cars running on a slope
for calibrating the liquid level of oil. Its single and compact structure also gives
a good advantage in measuring relative position of two segments without ﬁxing
sensors on the joint. Figure 5.3 illustrates an inverted pendulum structure with
inclination angle and inclined direction to describe it spatial position.
Two angular parameters are expected to be measured. The multifunctional
sensing technology is used to instruct the design of sensor. The measurement
principle of a multifunctional sensor with two quantities as having described in
Section 3.2. By well designing of the sensing structure, a simple data processing
can be obtained. In this study, instead of calibrating the excursion of direction
for evaluating inclination angle, it is taken as another unknown quantity.
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Figure 5.3: Spatial position of an inverted pendulum structure
Figure 5.4: Working principle and calculation of self-inductance
5.2 Working Principle and Conﬁguration
5.2.1 Working Principle
The principle of inclination sensor with ﬂuid is based on the liquid property of
keeping horizontal of its surface. For the sake of obtaining the information of
inclination angle and its direction with their full range, instead of utilizing the
common cylinder shape, a sphere-shape vessel is selected for composing the sensor
because of its uniform to every direction.
The liquidity of magnetic ﬂuid causes its ﬂowing to the position with the lowest
gravity center. Figure. 5.4 shows the working principle of this method. Magnetic
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ﬂuid is induced into a hollow ball with its half volume. The magnetic ﬂuid we
used in this study is ferroﬂuid (HC-50, Taiho Industried Co., Ltd., Tokyo), which
is composed by suspending tiny particles of magnetite (Fe3O4)throughout the
kerosene base. In fact, it displays paramagnetism and the existing of the ﬂuid
can magnify the value of self-inductance of coil. A coil is wound on the half
surface of the ball to detect the moving of the ball relative to the ﬂuid. The
relative position can be described by nip angle α between section of coil and
liquid surface. Commonly, the range of nip angle between two planes is acute. In
this study, we deﬁne the nip angle can reach to 180◦. The quantitative equation
of self-inductance taking coil conﬁguration and permeability of magnetic ﬂuid can
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⇒ L = Γ(N,R, α) (5.1)
L: self-inductance
λ: the total ﬂux linkage
I: current
φn: the magnetic ﬂux of the n-th turn
B: the ﬂux density
S: the cross sectional area of the coil
μ0: the permeability of free space
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μr: the relative permeability of the magnetic ﬂuid
N: the number of turns
n: the n-th turn of the coil
l: the length of the coil
dl: the diﬀerential length vector of the current loop element
r: the distance from the current element to the ﬁeld point r
rˆ: the unit displacement vector from the current element to the ﬁeld point r
S1n: the area of n-th turn with magnetic ﬂuid
S2n: the area of n-th turn without magnetic ﬂuid
dS1n: diﬀerential vector element of surface area dS1n, with inﬁnitesimally
small magnitude and direction normal to surface S1n
dS2n: diﬀerential vector element of surface area dS1n, with inﬁnitesimally
small magnitude and direction normal to surface S2n
α: the nip angle between section of coil and surface of the ﬂuid
R: the radius of coil
Seen from (5.1), because the radius and turns of coil are ﬁxed, the self-
inductance of the coil is only due to the value nip angle. With the nip angle
ranging from 0◦ to 180◦, one position corresponds to a inductance value. It is
very complicated to calculate numerical equation of (5.1). In this study, the
relationship of self-inductance and nip angle is obtained by experiment.
Figure 5.5 shows the equivalent electric circuit of consisting of coil and mag-
netic ﬂuid. L is the self-inductance of the coil. Rc is the copper loss resistance of
the coil. Re is eddy current loss resistance. C is the parallel parasitic capacitance,
which is mainly composed by self-capacitance of coil. The equivalent inductance
is measured as the output of the sensor.
In order to obtain two angle information, at least two outputs are needed.
Based on the principle above, a sphere-shape structure with three coils, therefore,
is proposed.
5.2.2 Conﬁguration of Prototype
Based on the above principle, a prototype is designed and built in order to test the
performance of this method. A hollow plastic ball is selected as the vessel of ﬂuid
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Figure 5.5: Equivalent electric circuit
with the diameter of 32mm. The conﬁguration process is shown in Figure 5.6.
Half of the ball is ﬁlled with magnetic ﬂuid and sealed. Firstly, the ﬁrst coil
whose self-inductance measured as L1 is wound on the surface with half of the
ball while the other hemisphere covers with an insulated ﬁlm in order to make the
new surface smooth. Then, vertical to the section of L1, the second coil whose
inductance is L2 is wound on the new surface in hemisphere as coil 1 does. In this
step, although two outputs have been introduced, the placing of these two coils
is still symmetrical. Another output should be added for obtaining the unique
result. Finally, the third coil measured as L3 is wound vertically to the sections
of L1 and L2. The sensor is composed by lapping the four parts one by one as
Figure 5.6 shows.
To achieve the characteristic of the prototype, the experimental setup is pro-
posed as shown in Figure 5.7. The sensor is ﬁxed on the direction scale, by
rotating which to set diﬀerent inclined direction. The outer cylinder is the in-
clination scale for setting corresponding inclination angle. Three inductances
as outputs, L1, L2 and L3, are measured one by one by a LCR meter(NF, ZM
2355). The measured signal is interfaced with the computer for data processing
and displaying through GPIB.
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Figure 5.6: Composition of prototype
5.2.3 Working Coordinate System and Geometrical Anal-
ysis
The sections of three vertical placed coils compose a right-angle tetrahedron.
The working coordinate system is shown in Figure 5.8, the origin of which is the
intersection of three coils. At the initial status, coordinate planes, that are XOY ,
Y OZ and XOZ indicate the sections of L1, L2 and L3, respectively. The initial
inclination angle is the perpendicularity direction, while the initial direction is
the angular bisector of OX and OY . Figure 5.8 also shows the deﬁnition of
inclination angle θ and direction φ, which can be used to calculate three nip
angles between coils and horizontal. The outputs of sensor can be expressed as⎧⎨
⎩
L1 = Γ(α1) = f1(θ, φ)
L2 = Γ(α2) = f2(θ, φ)
L3 = Γ(α3) = f3(θ, φ)
(5.2)
where α1, α2 and α3 are the nip angles of three coil sections and the horizontal.
The relationships of nip angles and two angle parameters can be achieved by
analytic geometrical analysis.
Figure 5.9 shows the vector coordinate system equivalent to the working
coordinate system for obtaining the relationship. For simple analysis, in this
coordinate system, the ﬂuid surface moves with relevant angle parameters instead
of three coils. OZ ′, OX ′, OY ′, and OM ′ indicate the normal vectors of sections of
L1, L2, L3 and the horizontal, respectively. In analytic geometry, the nip angles
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Figure 5.7: Experimental setup
of OZ ′, OX ′, OY ′ and OM ′ are equivalent to the nip angles of each section of
coils and horizontal. The normal vectors of three coil sections are supposed as

v1(0, 0, 1), 
v2(1, 0, 0) and 
v3(0, 1, 0), respectively. Using Figure 5.9, the normal
vector of horizontal O′M ′ can be calculated as 
v(sin θ sin(φ− 135◦), sin θ cos(φ−
135◦), cos θ). By using the equations for calculating nip angle of two vectors in
analytic geometric analyzing, the nip angles of three vectors of coils and O′M ′
can be calculated as below:⎧⎨
⎩
cosα1 = cos θ
cosα2 = sin θ sin(φ− 135◦)
cosα2 = sin θ cos(φ− 135◦)
(5.3)
By (5.3), two angle parameters are converted to three nip angle parameters.
The symmetrical character of sphere shape results to the insuﬃcient of only using
two equations to obtain the unique solution. Three equations are at least required.
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Figure 5.8: Working coordinate system
Figure 5.9: Analytic geometrical analysis
5.3 Characteristic Experiment of Prototype
5.3.1 Relation of Inductance and Nip Angle
The relations of inductances and nip angles α1, α2 and α3 is essential to be
obtained for estimating θ and φ. As we have introduced, it is complicated to
obtain the numerical equation theoretically. The characters of inductances and
nip angles are obtained by experimental results. In the coordinate system we
proposed, with directions 45◦ and 225◦, inclination angle is equal to nip angle
of L2, while the same situation to L3 with directions about 135
◦ and 315◦ and
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Figure 5.10: Curves of inductances and nip angles
L1 with all directions. Three inductances are measured by the LCR meter with
working frequency of 10kHz at these directions with inclination angle changing
from 0◦ to 180◦ with 10◦ step.
Figure 5.10 illustrates curves of three inductances with changing of nip angle,
the value of which is the average results of four times measurement. The relative
error of each measurement of inductance measurement was found to be less than
2%. The monotony changing of output to nip angle permits to obtain the unique
estimation. The diﬀerent radius of coils cause the diﬀerent average value of three
inductances. The sensitivity is not the same in the full range, which is not good
near 0◦ and 180◦ comparing with central position.
As is widely known, the ﬁtting are better represented over the entire range by
a set of piecewise continuous curves rather than by a single curve. Cubic spline
interpolation is the most common piecewise polynomial interpolation due to its
smooth peculiarity and high accuracy. The error of estimating nip angle of the
sensor with cubic spline interpolation as its ﬁtting method is less than 2◦.
5.3.2 Experiment at Sample Points
In order to prove the feasibility of this method, inductances of some positions are
measured whose direction ranges from 0◦ to 360◦ with 30◦ step, while inclination
angle ranges 0◦ to 180◦ with 10◦ step, besides the points measured in last exper-
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iment. At these points, L1, L2 and L3 are measured in sequence by LCR meter
with working frequency at 10kHz.
Figure 5.11 shows the surfaces of L1, L2 and L3 at the sample points with
direction and inclination angle as its X and Y axis, respectively. The results are
the average value of four times measurement. The theoretical results calculated
by the relation of nip angle and ( 5.3) are shown in Figure 5.11(d). The tendency
of experimental results accords well to the theory results. With ﬁxed inclination
angle, inductance does not range sinusoidal with direction change. Nevertheless,
the phase diﬀerence exists, which is caused by the initial position of sensor while
the ranging tendencies depend on our selected coordinate system. A block surface
with three inductances as its three axes respectively is shown in Figure 5.12. The
two center points of the surface are the positions that θ = 0◦ and θ = 180◦,
respectively. Each contour line displayed represents the inclined direction and
the radial distance from the center represents the inclination angle. Each point
on this surface indicates a set of inductances, which corresponds to a unique space
direction.
In this study, the geometric analysis equation is not selected for data process-
ing by the reason that only uses one single curve to calculate the experiment data
causing the error of estimation result too big to neglect. 2-D cubic spline interpo-
lation is chosen as data processing method because of its smooth peculiarity and
high accuracy. Based on the development of computer and software, the result
can be obtained accurately and rapidly.
5.3.3 Data Processing with 2-D Interpolation
2-D cubic spline interpolation is chosen as data processing method. The common
application of interpolation is calculating the unknown function value on the
measured point by utilizing the outputs of sample points. Nevertheless, in this
study, inversely, we ﬁrstly obtain the function value, and the position of measured
point needs to be estimated. Figure 5.13 shows the ﬂowing chart of the data
processing, which is mainly composed by three major steps. Here, a point with
setting angles about φ = 105◦ and θ = 120◦, whose inductances are measured as
L1 = 554.8μF , L2 = 594.1μF and L3 = 732.8μF , is taken as an example.
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(d) Theoretical results of three inductances
Figure 5.11: Experimental results of sample points in the whole space
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Figure 5.12: A block surface of outputs at sample points
Step1: Determine the processing area.
Instead of interpolating the whole surface, a piece of area including the mea-
sured point is determined in order to obtain a simple data processing. Firstly,
among the sample points, the nearest one to the measured point is found by
(5.4), which is the point with the minimum si. This point is the center point of
interpolating area.
si = (L1 − L1i)2 + (L2 − L2i)2
+ (L3 − L3i)2 (i = 1, 2 . . . 228) (5.4)
where L1, L2 and L3 are the output of measured point and L1i, L2i and L3i
correspond to the outputs of sample points we have obtained in experiment. The
total number of sample points is 228. As to the example point, the central point
of the interpolating area is calculated by (5.4), whose position information is
φ = 120◦,θ = 110◦. Other eight points near to the calculated point are chosen to
compose the interpolating area, as shown in Figure 5.14(a).
Step 2: 2-D interpolation on processing area
2-D cubic interpolation acts on three inductances respectively with direction
and inclination angle as their variables. For simply calculating, discrete grid
points with 1◦ interval in inclination angle and direction belonging to the cho-
sen area are used for interpolating. As to the example points, the direction of
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Figure 5.13: Flowing chart of data processing
interpolating area is changing from 90◦ to 150◦, while the inclination angle is
changing from 100◦ to 120◦. As a result, the total number of the grid points is
1281. Figure 5.14(b) shows the smooth surface composed by these grid points
after interpolating.
Step 3: Search the optimal point among the interpolated points.
Serial numbers are given to the grid points, and each grid point corresponds
to a unique direction and an inclination angle. By the same principle as (5.4),
among the gird points, the nearest one to the measured point is found by (5.5).
sj = (L1 − L1j)2 + (L2 − L2j)2
+ (L3 − L3j)2 (j = 1, 2 . . . 1281) (5.5)
where L1j , L2j and L3j are the calculated inductances outputs of the grid points.
The point with the minimum sj has the optimal position of the measured point.
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(b) Surface after interpolating
Figure 5.14: 2-D cubic spline interpolation to the selected area
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Table 5.1: Evaluation results of some positions
φ θ φ′ θ′ Δφ Δθ
250◦ 60◦ 251◦ 59◦ -1◦ 1◦
250◦ 115◦ 251◦ 114◦ -1◦ 1◦
250◦ 140◦ 251◦ 140◦ -1◦ 0◦
105◦ 30◦ 106◦ 30◦ -1◦ 0◦
105◦ 120◦ 105◦ 118◦ 0◦ 2◦
310◦ 15◦ 309◦ 14◦ 1◦ 1◦
310◦ 105◦ 313◦ 104◦ -3◦ 1◦
As to the example, the estimated result is that φ = 105◦ and θ = 118◦.
The error of evaluations of direction and inclination angle in the full range
with 2-D interpolation as its data processing method is no more than 3◦, which
is obtained by the evaluated results of other positions. In Table 5.1, the results
of some positions except sample points are given as examples. φ and θ are the
setting angle parameters, while φ′ and θ′ are their estimated results. Δφ and Δθ
are the error of evaluations.
5.4 Discussion
The performance of the proposed prototype to diﬀerent angular parameters is
satisfactory. The sensor is used for a static measurement of position as many
liquid tilt sensors do. The liquidity of magnetic ﬂuid is utilized as the movement
part of sensor, but its status is not stable in a dynamic environment because of
its inertia. As a result, the dynamic character of this sensor is not so good.
The error of estimating of direction and inclination angle in the full range
with 2-D interpolation as its data processing method is about 3◦, which is mainly
due to several factors, such as
(1) The error of experimental setup for setting corresponding positions is
about 1◦. The database for interpolating is obtained by the outputs of sample
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points which are set by the proposed experimental setup. Its accuracy will surely
aﬀect the error of estimated results.
(2) The manufacture level of the sensor. The prototype is made in a manual
work, which induces the systematic error to the result.
(3) Because of the eddy current eﬀect, the approaching of metal material can
induce error for measurement.
In this study, although temperature changing of environment will cause the
diﬀerent vapor of the kerosene, which changes the density of magnetic ﬂuid, the
aﬀection is too little to be considered in the common house temperature about
20◦.
The errors could surely be reduced by improving the technological manufac-
ture level and the accuracy of the experimental setup. A shield case can be built
for avoiding the aﬀection induced by the approaching of metal material.
5.5 Summary
A new multifunctional angular position sensor with a compact and single struc-
ture is proposed to measure inclination angle and inclined direction simulta-
neously with their full range. By utilizing the liquidity and electromagnetism
character of magnetic ﬂuid, a sphere-shape sensor with three inductances as its
outputs is proposed. Analytic geometrical analysis is done to the sensor struc-
ture and the 2-D cubic spline interpolation method is chosen for data processing.
The evaluated results of prototype at diﬀerent positions proves the feasibility of
this sensor. The character of proposed sensor, the low production cost and its
compact structure permit the applications in many ﬁelds.
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Chapter 6
Design of a Novel Robust 3D
Angular Position Sensor for the
Full-Range Measurement
6.1 Introduction
Inclinometer, as a kind of angular position angle, normally uses inertia to detect
the tilt from the gravity vector. It consists of an inertial element which senses
gravity as a signal transforming element. Typical inclinometers are liquid based
works attributed to the liquidity and electrical characteristic of the corresponding
ﬂuid, such as electrolyte and magnetic ﬂuid [60; 61; 62; 65]. But the results are
easily aﬀected by the environment such as temperature because of the variation
of electrical characteristic of the ﬂuid. The additional calibration of circuit may
be needed to eliminate the aﬀection caused by environment. Some works report
the sensors using solid sensing element with the robust character [63; 64; 68; 73].
But most of the techniques are limited to work in a single axis, the excursion of
inclined direction will produce error to the results. As introduced in last chapter,
the measurement of inclined direction is also a valuable parameter.
In this chapter, a sensor employing an iron ball as the inertial element pro-
duces robust character comparing with the common liquid works. The sensor is
able to take a full-range measurement of inclination angle and inclined direction.
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The added dummy coils improve the symmetrical character of outputs. More-
over, an iron case is built to reduce the aﬀection caused by the approaching of
metal material because of the eddy eﬀect of the hemisphere coil. The geometrical
analysis is given to achieve the equations to reconstruct two angular parameters.
The characteristic of the proposed sensor, its low production cost and compact
structure permit the easy applications in many ﬁelds.
6.2 Working Principle and Conﬁguration
6.2.1 Working Principle
The working principle of inclinometer is keeping the gravity center of inertial
element the lowest with the action of gravity. The relative movement is then
converted into electrical quantities. For the sake of achieving the full-range in-
formation of two angular parameters simply, instead of utilizing the common
cylinder shape, a sphere shape container is selected because it is uniform to every
direction.
Figure 6.1 illustrates the basic working principle. An iron ball is sealed in a
hollow plastic ball as the inertial element of the sensor attributed to its shape
and ferromagnetism character. Its shape produces the free rolling to the position
with the lowest gravity center, and its ferromagnetism character aﬀects the self-
inductance of the coil wound on the half surface of the container. The coil is
wound hemisphere of the hollow ball in order to detect the relative movement
of two parts with full-range inclination angle. Their relative position can be
represented as α, which is the nip angle between the section of coil and the
horizontal. Commonly, the range of nip angle between two planes is acute. In
this study, α is deﬁned to reach to 180◦. The self-inductance considering the coil
conﬁguration and permeability of iron ball can be calculated quantitatively as
below:
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⇒ L = Γ(α) (6.1)
L: self-inductance
λ: the total ﬂux linkage
I: current
φn: the magnetic ﬂux of the n-th turn
B: the ﬂux density
S: the cross sectional area of the coil
μ0: the permeability of air
μr: the relative permeability of the iron ball
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N: the number of turns
n: the n-th turn of the coil
l: the length of the coil
dl: the diﬀerential length vector of the current loop element
r: the distance from the current element to the ﬁeld point
rˆ: the unit displacement vector from the current element to the ﬁeld point
S1n: the area of n-th turn with iron
S2n: the area of n-th turn without iron
dS1n: diﬀerential vector element of surface area dS1n, with inﬁnitesimally
small magnitude and direction normal to surface S1n
dS2n: diﬀerential vector element of surface area dS1n, with inﬁnitesimally
small magnitude and direction normal to surface S2n
α: the nip angle between section of coil and horizontal
R: the radius of coil
Because the scale and material characteristic of the sensor have been ﬁxed,
the self-inductance is only due to the value of nip angle, as shown in (6.1). With
the nip angle ranging from 0◦ to 180◦, one position corresponds to a inductance
value. Because it is complicated to calculate the numerical equation of (6.1), the
characteristic of self-inductance to the nip angle is calculated by the experimental
results.
If the self-inductance changes monotonous with nip angle increasing, the pro-
posed sensor is able to measure inclination angle ranging from 0◦ to 180◦ in any
direction. At least two outputs are needed to calculate the inclined direction.
Based on the principle above, a sphere-shape sensing structure with three out-
puts is proposed.
6.2.2 Conﬁguration of the Prototype
A prototype is designed and built to test the performance of the sensor, as shown
in Figure 6.2. A hollow plastic ball is selected as the container of the iron ball with
its diameter of 40mm. An iron ball with diameter of 20mm is put into the hollow
ball as the gravity sensing element. Firstly, a coil measured as L1 is wound on
half surface of the container while the other hemisphere is also wound a dummy
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Figure 6.2: Conﬁguration of prototype
coil to keep the symmetrical condition to layer 2. Then, vertical to the section
of L1, the third coil measured as L2, is wound on the surface with hemisphere as
coil 1 does, while dummy coil 2 is also wound. Finally, another output needs to
be added in order to break the symmetrical condition. The ﬁfth coil measured
as L3 is wound vertically to the sections of L1 and L2 as layer 3. The sensor
is composed by lapping the four parts one by one as shown in Figure 6.2. The
approaching of metal material will aﬀect the outputs because of the eddy eﬀect
caused by the hemisphere coil. An iron case is built for reducing the aﬀection.
To achieve the characteristic of the prototype, the experimental setup is built
as shown in Figure 6.3. The sensor is ﬁxed on the front end of a 6-axes robot
hand (VS-6354D/J, Denso, Corp. Japan). Using two axes of the robot hand,
the positions with required inclined direction and inclination angle can be set.
Three inductances as outputs, L1, L2 and L3, are measured in sequence by an
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Figure 6.3: Experimental setup
LCR meter(NF, ZM 2355). The measured signal is interfaced with the computer
for data processing and displaying through GPIB.
6.3 Geometrical Analysis
6.3.1 Working Coordinate System
The sections of three vertical placed coils compose a right-angle tetrahedron.
The spherical coordinate system is selected to represent the geometric ﬁgure of
proposed sensor, as shown in Figure 6.4. Its origin is the intersection of three
sections. The zenith angle from the positive z-axis is deﬁned as θ, which is
the inclination angle and the initial position is the perpendicularity direction of
L3. The azimuth angle from the positive y-axis is deﬁned as φ, which is the
inclined direction and it initial position is vertical to section of L2. According to
this system, φ loses signiﬁcance when sin(θ) = 0 (at θ = 0 and θ = 180◦). The
obliquity view of the coordinate system demonstrates the nip angles between three




Figure 6.4: Working coordinate system⎧⎨
⎩
L1 = Γ(α1) = f1(θ, φ)
L2 = Γ(α2) = f2(θ, φ)
L3 = Γ(α3) = f3(θ, φ)
(6.2)
where α1, α2, and α3 represent the nip angles of three coil sections and the
horizontal.
6.3.2 Geometrical Analysis
The coordinate system is simpliﬁed as shown in Figure 6.5, in which the horizontal
surface is taken as the movement part instead of three sections for a simple
analysis. O′Y ′, O′X ′, and O′Z ′ indicate the normal vectors of sections of L1, L2,
L3, respectively. O
′M ′ is the normal vector of horizontal. The nip angles between
these vectors are equal to the nip angles of sections. By geometrical analyzing of
the coordinate, α1, α2, and α3 can be expressed by θ and φ, as shown in (6.3).⎧⎨
⎩
cosα1 = sin θ cos φ
cosα2 = sin θ sin φ
cosα3 = cos θ
(6.3)
Two equations of (6.3) are able to calculate the results as θ, π − θ, φ and
2π − φ. The left equation is used to determine the unique results of two angular
parameters, and is able to evaluate the working status of the sensor.
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Figure 6.5: Geometrical analysis
6.4 Characteristic Experiments of the Prototype
6.4.1 Evaluation of Nip Angle
The characteristic of inductances with α1, α2 and α3 as variables is achieved by
ﬁtting the experimental results instead of calculating numerical equation theo-
retically because of its complex. Three inductances are measured in sequence by
the LCR meter with working frequency of 10kHz on the positions where three nip
angles step in 10◦ with ranging from 0◦ to 180◦. The ﬁnal results are the average
value of four times experiments.
Figure 6.6(a) shows the curves of three outputs with nip angle as variable,
whose monotonous character permits to calculate the unique result. The diﬀer-
ent radiuses of coils cause the diﬀerent average value of three inductances. The
sensitivity varies in the full range, which is better near 90◦ comparing with the
edges of range. By analyzing the working model shown in Figure 6.4, the induc-
tance characteristic with nip angle ranging from 54.7◦ to 126.3◦ is found to be
enough to evaluate two angular parameters in full range. Figure 6.6(b) shows
parts of curves in Figure 6.6(a) with nip angle ranging from 50◦ to 130◦. The
sensitivity reduces a little with nip angle passing 90◦. In order to achieve a simple
data processing, linear ﬁtting is applied on the ranges from 50◦ to 90◦ and 90◦ to
130◦, respectively. The maximum error of the linear ﬁtting is about 2◦.
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(a) Output characteristic with nip angle in full
range




















(b) Output characteristic with nip angle ranging
from 50◦ to 130◦
Figure 6.6: Experimental results of three inductances with diﬀerent nip angles
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Figure 6.7: Experimental results on sample points in the whole space
6.4.2 Experimental Results
In order to test the performance of the prototype, inductances are measured in
sequence by LCR meter with working frequency at 10kHZ at sample points whose
direction ranges from 0◦ to 360◦ and steps in 30◦, while inclination angle ranges
from 0◦ to 180◦ and steps in 10◦.
Figure 6.7 shows the experimental results of L1, L2 and L3 on the sample
points with inclined direction and inclination angle as its two axes, respectively.
The results are the average value of four times measurements. The phase dif-
ference is caused by the initial position of sensor while the ranging tendencies
depend on the selected coordinate system. A block surface with three induc-
tances as its three axes respectively is shown in Figure 6.7(d). The two center
points of the surface are the positions that θ = 0◦ and θ = 180◦. Each contour
line displayed represents the inclined direction and the radial distance from the
center represents the inclination angle. Each point on this surface has a unique
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set of inductances as its coordinate value, which corresponds to a unique space
direction.
6.4.3 Data Processing
Figure 6.8 shows the ﬂow chart of the data processing. First, each inductance
is compared with the experimental value on nip angle of 50◦, 130◦, and 90◦.
Then the corresponding linear ﬁtting equations are used to calculate the nip
angles. Two equations of (6.3), whose nip angles are nearest to 90◦, are selected
to calculate θ and φ inversely, while the left one is used to decide the unique result.
It is able to minimize the estimating error produced by the small sensitivity of the
nip angle at the edges of measurement range. The mean error of inclination angle
on the experimental points is about 3.6◦. The mean error of inclined direction is
about 4.5◦. In Table 6.1 shows the evaluated results of some positions. φ and θ
represent the setting angular parameters, and φ′ and θ′ represent the evaluated
results. Δφ and Δθ are the evaluating errors.
Figure 6.8: Flow chart of data processing
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Table 6.1: Evaluation results of some positions
φ(θ = 60◦) φ′ Δφ θ(φ = 90◦) θ′ Δθ
30◦ 32.4◦ 2.4◦ 10◦ 11.3◦ 1.3◦
90◦ 86.6◦ -3.4◦ 40◦ 40.1◦ 0.1◦
150◦ 151.4◦ 1.4◦ 70◦ 74.9◦ 4.9◦
210◦ 211.1◦ 1.1◦ 100◦ 104.2◦ 4.2◦
270◦ 266.2◦ -3.8◦ 130◦ 127.9◦ -2.1◦
330◦ 324.8◦ -5.2◦ 160◦ 160.9◦ 0.9◦
φ(θ = 120◦) φ′ Δφ θ(φ = 300◦) θ′ Δθ
0◦ 4.1◦ 4.1◦ 20◦ 22.9◦ 2.9◦
60◦ 65.1◦ 5.1◦ 50◦ 51.7◦ 1.7◦
120◦ 120.5◦ 0.5◦ 80◦ 80.8◦ 0.8◦
180◦ 183.8◦ 3.8◦ 110◦ 111.3◦ 1.3◦
240◦ 243.4◦ 3.4◦ 140◦ 139.8◦ -0.2◦
300◦ 295.2◦ -4.8◦ 170◦ 166.7◦ -3.3◦
6.5 Discussion
The performance of the proposed prototype at diﬀerent position is satisfactory.
The sensor is used for a static measurement of position as many tilt sensors do.
The rolling of the ball is utilized as the gravity sensing element of the sensor, but
its status is not stable in a dynamic environment because of its inertia. We are
aiming to solve this problem in the future work. The evaluated error of the built
prototype is mainly due to several factors, such as
(1)The manufacture level of the sensor. The prototype is made in a manual
work, which induces the systematic error to the result.
(2)The friction between the iron ball and the inner wall of the hollow ball
which can greatly eﬀect the evaluated results.
(3)The linear ﬁtting is used to achieve a simple data processing, which may
eﬀect the accuracy of evaluation.
The accuracy could surely be increased by improving the technological manu-
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facture level. The choosing of iron ball as the movement part produces the robust
characteristic to the variety of temperature and humid comparing to liquid works.
Moreover, cubic spline interpolation used in data processing may improve the re-
sults due to its smooth peculiarity and high accuracy.
6.6 Summary
A novel 3-D angular position sensor is presented in this chapter which has a robust
character comparing with previous liquid works. The sphere-shape produces the
full-range measurement of inclination angle and inclined direction simultaneously.
The characteristic of the proposed sensor, its low production cost and compact
structure permit the applications in many ﬁelds.
Using the solid material as the inertial element instead of liquid produces
the robust characters. Geometrical analysis is done to achieve the equations for







The overall goal of this thesis is to develop three-dimensional angular position sen-
sors for the measurement of human pose and motion on the basis of the socalled
multifunctional sensing technique. Multiple angular parameters are measured by
a single structure simultaneously instead of combining individual sensors for each
function or measurement as general. The author proposes a novel approach to
measure the 3-D joint angle with two working modes, and a 3-D space angular
position sensor with full range measurement. The sensors are in use in diﬀerent
situations according to the applying objective. The understanding and applica-
tions of multifunctional sensing technique in the ﬁeld of measurement of multiple
angular parameters are, thereby, extended substantially by this work. Although
a brief summary for each chapter is provided at the end of corresponding chapter,
this chapter deals with the comprehensive discussions of the overall work in chap-
ter basis. Possible future research works that can be extended from this study
are also mentioned in this chapter.
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7.2 Conclusion and Discussion
In Chapter1 and Chapter2, the author brieﬂy introduces the necessity of the
measurement of angular position of human joints. It can be widely applied in
the ﬁelds such as gait analysis, gesture recognition and motion capture. Then,
the author overviews the technologies applied in human motion measurement.
Considering the merits and demerits of the existed technologies for measurement
of joint angle, a novel approach to measure 3-D joint angle is proposed.
Both the Chapter 3 and 4 are dealing with developing an approach to measure
3-D joint angle. Chapter 3 proposes the working principle of the novel approach
and realize the measurement of one 3-D joint. Chapter 4 develops the approach
and realizes the measurement of angular position of multiple joints.
Chapter3 covers the design of a ﬂexible sensor for measuring the space rela-
tive position of a joint with 3-D motion. It contributes in the following respects.
Obliquity and bending direction over large ranges can be measured simultane-
ously with a single structure. The selection of a hollow ﬂexible tube as main
body characters the non-invasive advantage. It gives good alternative character
and the ability for biomechanical application. Two angular parameters are con-
verted to the linear displacement of three iron wires, which are measured using
inductive principle. The result has a good linearity in obliquity measurement
and sinusoidal characteristic in direction estimating. Correspondingly, a simple
data processing can be achieved. Additionally, the simple and compact structure
causes a much lower cost than previous techniques. The performance of the built
prototype prove the feasibility of the proposed approach.
The studies on the advanced functions of the tube-type sensor for measuring
multiple human joints are represented in Chapter4. The ﬁrst section discusses
the method to design a sensor capable of measuring multiple angular parameters
based on multifunctional sensing technique. In order to induce the third angular
parameter without aﬀecting the before measurement, the best way is making the
third angle give the same aﬀection to three sensing elements and independent of
other two angles.
Then, a developed structure of the sensor described in chapter 3 is proposed.
It is able to measure the additional torsion angle with the same three inductive
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sensing element. The attachment of the rigid tube successfully separates torsion
angle from the other two angles and produces the same displacement of three
wires. The solutions of distinguishing the clockwise or anticlockwise direction of
torsion angle, increasing the sensitivity with small twist are also introduced.
The third section of Chapter 4 presents a new sensor to overcome the shortages
of the structure which employs two kinds of tube. It is capable of working in
two modes for the measurement of multiple human joints in order to reduce the
number of sensors employed on joints. The outstanding points of the basic mode
is the capability of being applied on diﬀerent joints of diﬀerent individuals without
recalibration. Only the size of sensor is needed for the data process. The optional
advance working mode needs the recalibration to diﬀerent individuals. It is able
to measure the angle of an additional uniaxial joint, or the 3-D angular position
of an additional 3-D joint by employing two sensors. Direction, obliquity, and an
added angle, are converted to the linear displacement of three wires with three DC
voltages as outputs. The characters of the sensor are able to provide good ability
in both static and dynamic measurement. The results of the built prototype are
very promising, indicating the feasibility of the propped method. The accuracy
is satisfactory for the reason that although the prototype is all handmade, its
accuracy is able to reach to the level of the works using high cost transducers.
Based on the multifunctional sensing technology, the sensor with four sensing
elements to measure four angular parameters of multiple joints is represented
in the fourth section of Chapter 4. Utilizing the proposed ﬂexible sensor, the
measurement of all main joints of human is able to be realized.
Both of Chapters 5 and 6 are dealing with developing a space angular position
sensor to measure the inclination angle and it direction with full range. Magnetic
ﬂuid and solid material are used respectively in these two chapters.
Considering some disadvantages of the previous works of inclinometer, Chapter5
proposes a sphere-shape space angular position sensor for measurement inclina-
tion angle and inclined direction simultaneously based on multifunctional sensing
approach. Three coils wound on the surface of a plastic ball with half sphere
compose three inductances as the outputs of sensor. Magnetic ﬂuid is selected as
the inertial element attributed to its liquidity and electromagnetism character.
Instead of measuring limited scale of the space direction, the proposed sensor
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realizes a full-range measurement, which indicates the inclination angle ranges
from 0◦ to 180◦ while the direction ranges from 0◦ to 360◦. It can be used to
monitor the falling of object with the inverted pendulum structure, the spatial
position of human body with respect to the gravity, and its single structure and
full-range measurement also produces a good advantage in measuring the relative
position of two segments such as joints of human. The author discusses the work-
ing principle of the sensor, its detailed conﬁguration and its geometrical analysis.
2-D cubic spline interpolation are selected for evaluating two angular parameters
of the built prototype.
The main objective of Chapter6 is to design a 3-D angular position sen-
sor with robust character comparing with previous liquid works in order to be
applied in harsh environmental. The developed structure employs an iron ball
as the inertial sensing element and also produces the full-range measurement of
inclination angle and inclined direction. Dummy coils are added to the conﬁgu-
ration to improve the symmetrical character of outputs. Moreover, an iron case
is built to reduce the aﬀection caused by the approaching of metal material will
aﬀect the outputs because of the eddy eﬀect caused by the hemisphere coil. The
geometrical analysis is given to achieve the equations to reconstruct two angular
parameters. A simpler data process comparing to with is chosen in this study.
The experimental results prove the feasibility of the proposed sensor.
7.3 Recommendations for Future Work
This thesis has achieved several objectives that are valuable for the measurement
of human pose and motion based on the multifunctional sensing technique. For
each sensor, there are some respects need to study on and make improvement for
the actual practical use. Following are some recommendations for extending this
thesis work.
Decreasing the size of the proposed sensors produces more convenience of the
actual practical use. If we want to make the ﬂexible sensor for joint measurement
thinner in order to mount on human joint with less cumbersome, which means a
smaller radius of the tube, the resolution of the displacement sensing element has
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to be increased. A suit with sensors and the bundles of wires are possible to be
embedded in the cloth for daily monitoring is expected to be made. Additionally,
building a regular track for the advanced working mode can simplify the data
process.
The dynamic character of the ﬂexible sensor mainly lies on the sensing element
for the displacement measurement. The wire acceleration of the commercial wire-
type displacement sensor has been reaching 10g. By employing them as sensing
element, it is able to measure the high speed motion of sportsman.
The sphere-shape space angular position sensor is used for a static measure-
ment of position as many tilt sensors do. Its status is not stable in a dynamic
environment because of the inertia of the gravity segment. A study on improving
its dynamic characteristic need to be considered in future work.
The sensors proposed in the thesis are all handmade. Improving the techno-
logical manufacture level and the accuracy of the experimental apparatus used
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